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Brief Summary of Findings Under AFRIL Cooperative Agreement Grant FA8750-06-1-0252

This study was concerned with the use of game theoretic principles for radio resource
management in wireless multiple-access networks. Our progress on this problem is described in
detail in the publications listed below, for each of which a link to the full document is provided.
These documents examine a number of resource-allocation issues wherein the primary
performance criterion is optimal energy efficiency. Specific contributions include receiver
designs and power allocation in multi-hop (ad hoc) networks [1], [2]; analysis and design of
energy-efficient receiver algorithms for ultra-wideband (UWB) systems in rich multi-path
environments [3] — [5]; extensions of analyses for linear receivers to serial interference cancellers
[6]; joint transmitter and receiver optimization for energy efficient network operation [7]; and
efficient and adaptive distributed algorithms for achieving optimal designs [8], [9]. Taken as a
whole, this work provides guidance for designers of sensor networks and advanced
communications networks for achievement of optimal energy efficiency in network operations.

Introduction

In wireless networks, bandwidth and energy are generally scarce. Nodes are often battery-
powered so energy efficiency is often a primary consideration in the design and deployment of
networks. Furthermore, one node’s communication generally causes interference to other nodes,
so the nodes’ choices are coupled. Game theory provides the tools to study the necessary radio
resource management given this coupling between the nodes’ actions. The purpose of this work
is to provide design guidance for the design of wireless sensor and advanced communication
networks to achieve optimal energy efficiency.

- Methods, Assumptions, and Procedures

The work is described in detail in nine papers [1-9] attached as Appendices. The primary
assumption is that of a spread-spectrum multiple-access communication network with a very
large number of nodes; [3-5] consider the case of impulse radic UWB (IR-UWB) systems and
[1-2,4,6-9] consider direct-sequence code division multiple access (DS-CDMA). The work
analyzes the large system limit: for DS-CDMA, the spreading gain and number of nodes both
increase without bound while their ratio (the system load) remains constant, while for IR-UWB,
the processing gain (the product of the number of pulses per information symbol and the number
of possible pulse positions per frame) and number of nodes both increase without bound, again
while their ratio remains constant, As mentioned above, a game-theoretic approach is used, in
which the terminals in the network are viewed as “economic” agents competing for radio
resources to (ransmit their messages as efficiently as possible, maximizing their “utility”: the
number of bits transmitted successfully per joule of energy. The agents attempt to maximize their
utilities by modifying their transmit power; papers [1,2,5,6,7] explore the games when the agents
choose amongst a set of receivers in addition to choosing their transmit power, in [7] the users
also choose their spreading codes, and [4] compares the games with DS-CDMA and IR-UWB.
Papers [1-2] examine the multihop case, where all nodes may not be transmitting to the same
destination and [2] modifies the utility function to include the power to operate nodes as well as
the transmit power. In papers [3-6], the environmental assumptions are loosened to include
multipath. The work reported in papers [8-9] develops efficient and adaptive distributed
algorithms for achieving optimal designs, including those to the games in papers [1-7].

Results and Discussion

The results are described in detail in the accompanying' publications [1-9]. In each of the




presented games, a unique Nash equilibrium is derived and described along with the resulting
explicit expression for utility; these results are in the form of the energy efficiency per node (bits-
per-joule) as a function of the network parameters. In some cases [1,2], the results are compared
to Pareto optimal solutions.

Conclusions

For detailed conclusions, please see the accompanying publications [1-9] in the appendix. Using
game theory, we can derive expressions for the energy efficiency of many systems in terms of
only network parameters. Furthermore, these energy efficient solutions for systems can be
achieved with simple distributed algorithms that converge to a unique Nash equilibrium or fixed
point. The use of multiuser detection can be a major determinant in the energy efficiency of
multiuser CDMA systems and spreading code optimization and non-linear reception techniques
can bring remarkable performance gains. Finally, with equal spreading factors, DS-CDMA and
- IR-UWB are nearly equivalent in terms of energy efficiency.

Appendices: Publications Reporting Results of AFRL Cooperaﬁve Agreement Grant
FAR750-06-1-0252

1. 8. Betz and H. V. Poor, “Energy efficiency in multi-hop CDMA networks: A game
theoretic analysis,” (invited paper). Proceedings of the Workshop on Multi-Layer
Modelling and Design of Multi-Hop Wireless Networks (MILMD’06), Minneapolis, MN,
July 12 - 15, 2006. [Posted on ArXiv at hitp://www.arxiv.org/abs/cs/0605098.]

2. 8. Betz and H. V. Poor, “Energy efficiency in multi-hop CDMA networks: A game
theoretic analysis considering operating costs,” IEEE Transactions on Signal Processing,
undergoing review. [Submitted Qctober 12, 2007.]

3. G. Bacci, M. Luise and H. V. Poor, “Large system analysis of game-theoretic power

control in UWB wireless networks with rake receivers,” Proceedings of the Eighth IEEE

- International Workshop on Signal Processing Advances for Wireless Communications

(SPAWC), Helsinki, Finland, June 17 - 20, 2007. fPosted on ArXiv at
http://www.arxiv.org/abs/0704.2017.]

4. G. Bacci, M. Luise and H.V. Poor, “Performance comparison of energy-efficient power
control for CDMA and multiuser UWB networks,” Proceedings of the IST Mobile &
Wireless Communications Summir, Budapest, Hungary, July 1 - 5, 2007. [Posted on
ArXiv at http://www .arxiv.org/abs/0705.0936.]

5. G. Bacci, M. Luise and H. V. Poor, “Performance of Rake receivers in IR-UWB
networks using energy-efficient power control,” IEEE Transactions on Wireless
Communications, to appear. [Posted on ArXiv at http://www.arxiv.org/abs/cs/0701034.]

6. S. Buzzi, V. Massaro and H. V. Poor, “ Power control and receiver design for energy
efficiency in multipath CDMA channels with bandlimited waveforms,” Proceedings of
the 41st Annual Conference on Information Sciences and Systems, Johns Hopkins
University, Baltimore, MD, March 14 - 16, 2007. [Posted on ArXiv at
http:/fwww.arxiv.org/abs/0704.2383.]

7. 8. Buzzi and H. V. Poor, “Non-cooperative games for spreading code optimization,




power control and receiver design in wireless data networks,” Proceedings of the 13th
European Wireless Conference, Paris, France, April 1 - 4, 2007. [Posted on ArXiv at
http://www.arxiv.org/abs/0705.0783.] [Also to appear in IEEE Jowrnal on Selected
Areas in Communications - Special Issue on Multiuser Detection for Advanced
Communication Systems and Networks '

S. Buzzi and H. V, Poor, “Power control algorithms for CDMA networks based on large
system analysis,” Proceedings of the 2007 IEEE International Symposium on Information
Theory, Nice, France, June 24 - 29, 2007. [Posted on ArXiv at
http:/fwww.arxiv.org/abs/0704.2375.]

S. Buzzi, H. V. Poor and D. Satumnino, “A stochastic non-cooperative game for energy
efficiency in wireless data networks,” Proceedings of the 2007 Tyrrhenian International
- Workshop on Digital Communication, Naples, Italy, September 9 - 12, 2007. [Posted on
ArXiv at http://www.arxiv.org/abs/0705.3013.]
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Energy Efficiency in Multi-hop CDMA Networks: A Game Theoretic Analysis*

Sharon Betz and H. Vincent Poor
Department of Electrical Engineering
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{sbetz,poor}@princeton.edu

Abhstract

A game-theoretic analysis is used to study the effects
of receiver choice on the energy efficiency of multi-hop
networks in which the nodes communicate using Direct-
Sequence Code Division Multiple Access (DS-CDMA). A
Nash equilibrium of the game in which the network nodes
can choose their receivers as well as their transmit powers
to maximize the total number of bits they transmit per unit
of energy is derived. The energy efficiencies resulting from
the use of different linear multiuser receivers in this context
are compared, looking at both the non-cooperative game
and the Pareto opfimal solution. For analytical ease, par-
ticular attention is paid to asymptotically large networks.
Significant gains in energy efficiency are observed when
rultiuser receivers, particularly the linear minimum mean-
square error (MMSE) receiver, are used instead of conven-
tional matched filter receivers.

1 Introduction

In a wireless mulii-hop network, nodes communicate
by passing messages for one another; permitting multi-hop
communications, rather than requiring one-hop commauni-
calions, can increase network capacity and allow for a more
ad hoc (and thus scalable) system (with Little or no central-
ized control). For these reasons, and because of their poten-
tial for commercial, military, and civil applications, wireless
multi-hop networks have attracted considerable atiention
over the past few years. In these networks, energy efficient
commugication is important because the nodes are typi-
cally battery-powered and therefore energy-limited. Work

. on energy-efficient'communication in these multi-hop net-

works has often focused on routing protocols: this work in-
stead looks at power control and receiver design choices that

“This research was supported in part by the U. §. Air Force Re-
search Laboratory and in part by the Defense Advanced Research Projects
Agency.

can be implemented independently of (and thus in conjunc-
tion with) the routing protocol.

One approach that has been very successful in research-
ing énergy efficient communications in both cellular and
multi-hop networks is the game-theoretic approach de-
scribed in [1,2). Much of the game-theoretic research in
multi-hop neiworks has focused on pricing schemes (e.g.
[3,4]). In this work, we avoid the need for such a pricing
scheme by using instead a nodal uiility function to capture
the energy costs. It further differs from previous research
by considering receiver design, as [5] does for cellular net-
works.

We propose a distributed noncooperative game in which
the nodes can choose their transmit power and linear re-
ceiver design to maximize the number of bits that they can
send per unit of power. After describing the network and in-
ternodal communications in Section 2, we derive the Nash
equilibrium for this game, as well as for a set of games with
set receivers, in Section 3. We then extend the asymptotic
work of Tse and Hanly [6] to fit the multihop network struc-
ture in Section 4; we apply this in Section 5 to find the
Pareto optimal solution in an asymptotically large, SINR-
balanced network. Finally we present some numerical re-
sults and a conclusion in Sections 6 and 7.

2 System Model

Consider a wireless multi-hop network with K nodes
(users) and an established logical topology, where a se-
quence of connected link-nodes [ € L(k) formas a route
originating from a source k (with k£ € L(X) by definition).
Let m(k) be the node after node & in the route for node .
Assume that all routes that go through a node k continue
through m(k) so that node £ transmits only to m(k). Nodes
communicate with each other using DS-CDMA with pro-
cessing gain N (V chips per bip). )

The signal received at a node m (after chip-matched fil-
tering) sampled at the chip rate over one symbol duration




can be expressed as

K
£ = 3 VP sy + w™ (0
k=1

where pg, by, and s; are the transmit power, transmit-
ted symbol, and (binary) spreading sequence for node k;
h,(:") is the channel gain between nodes & and m; and
w'™ is the noise vector which is assumed to be Gaus-
sian with mean 0 and covariance 02 1. (We assume here
Pm = 0.) Assume the spreading sequences are random,
ie, s = ﬁ{v; ...vn]", where the v;’s are independent
and identically distributed (i.i.d.) random variables taking
values {—1, +1} with equal probabilities. Denote the cross-
coerelations between spreading sequences as

P =578, @

noting that py, = 1 for all £.

Let us represent the linear receiver at the mth node for
the &th signature sequence by a coefficient vector c,(cm) . The
output of this receiver can be written as

y=o'r™ 3
= Pk b s, + Z \/p_jhf,.'"’bjckrsj +ofwh . (@)
ik

The signal-to-interference-plus-noise ratio (SINR), g, of
the &th user at the output of receiver m(k) is

e hfc”’("”z (ckTSk)Z

12 27
ole Ter + 3 pfh?"( ? (CkTS j)

Vi = (5)

Each user has a utility function that is the ratio of its
effective throughput to its transmit power, ie.,

L ®
Pr
Here, the throughput, T, is the net number of information
bits sent by 4 (generated by k or any node whose route goes
through &) and received without error at the intended des-
tination, m(k), per unit of time. (We assume that ail the
congestion control is done in the choice of routing.)
Following the discussion in [5], we will use

Te= T RFr0 @

where L and M are the number of informatios: bits and the
total number of bits in a packet, respectively (without loss
of generality assumed here to be the same for all users); R is
the transmission rate, which is the ratio of the bandwidth to
the processing gain and is taken for now to be equal for all

users; and (') is an efficiency function that closely approx-
imates the packet success rate. This efficiency function can
be any increasing, continuously differentiable, sigmoidal!
function with £(0) = 0 and f(+o0) = 1. See [5] for more
discussion of the efficiency function.

Using (7), (6) becomes

L flv)
= —R——, 8)
by e (

When the receiver used is a matched filter (MF) (ie.
cfc”‘(k)) = 8z), the received SINR is

. 2
PR (5,7,)
Ye = ) 7 &)
O'ZSkTSk + Zj;ék pjh?( ) (SkTSj)

2
pkh-'kﬂ(k)
= TR (10)
o+ Zj#kpjhj P

When th_f: receiver is a linear minimum mean-squared er-
ror (MMSE) receiver , the filter coefficients and the received
SINR are [7]

hm(k)
e VP Ag'se ()
1+ ph ™ ST AL
+ P & Sk & Sk
and
2
er = pey @ SA sy, (12)
where
mky2
Av =T+ ) pi® T, (13)
J*k

When the receiver is a decorrelator? (DE) (ie. C =
[ey---cg] = S8TS)™! where § = [s1---8g]), the received
SINR is

mik)2
ph
Y= e (14)

alcle,

For any linear receiver with all nodes’ coefficients cho-
sen independently of their transmit powers {including the
MF and DE), as well as for the MMSE receiver,

O _ %

==, 15
apc o (15)

1A continuous increasing function is sigmoidal if there is a peint above
which the function is concave and below which the function is convex.
2Here, we must assime that K < N,




3 The Noncooperative Power-Control Game

Let G = [‘7( s 1Ak}, {uk}] denote the noncooperative game
where K = {1,..., K} and A;, = [0, Puax] X RY is the strat-
egy set for the kth user. Here, Py, is the maximum allowed
power for tzansmission. Each strategy in A; can be written
as a; = (P, ¢), where p and ¢ are the transmit power and
the receiver filter coefficients, respectively, of user £. Then
the resulting noncooperative game can be expressed as the
maximization problem fork =1, ..., K:

max g = IR ax L0 &) a16)
ag PeCk P
where v, is expressed explicitly as a function of p; and ¢,.

This is similar to the noncooperative power-control game
in [5]; here, however, the channel gains are between pairs
of nodes rather than between a node and the base-station.

Since the choice of receiver is independent of the trans-
mit power and f(-) is an increasing function, the analysis
of [5] applies, so the maximization from (16) becomes:

max J(pr. ) = max J(maxe, vilpe, Ck)).
PuiC D 1 Pr

a7

Note that the MMSE receiver achieves the maximum SINR
atmongst all finear receivers, so that if a Nash equilibrium
exists, at that equilibrium all receivers must be MMSE re-
ceivers. Then the maximization problem becomes

F&™E(p)
ax —&——

PE Pk

(18)

letGc = [‘K, {Io, Pn'm]},{uk}] denote the noncoopera-
tive game that differs from & in that users cannot choose
their linear receivers but are forced to use the receive fil-
ter coeflicients [e, ---ex] = C (which may be a function
of the powers, P). The resulting noncooperative game can
be expressed as the following maximization problem for
k=1,...,K:

ma e = max ue(pp, &) = 28 max L0k (p")) (19)
a Pk M Pr
where y{* is expressed explicitly as a function of p;. Then
the maximization problem in (18) is one of the games G
when C is chosen to be the MMSE receivers.
For any C matrix (or C(P) for which (15) holds), the
utility function for each user is maximized when

Pi = min{Py, pr} - @0
where p; is the unique positive number that satisfies

TR = ¥ 0 F O (e, (21)

As long as the users all have the same efficiency function,

APD = ==y 22)

where y* is the unique positive number that satisfies

FO) =Y 1oN. (23)
Finally, since ) 4o quasi-concave® in Pk, We can use
the result cited in [PZ Appendix I]: G¢ has a Nash equilib-
rivm and, as is the case in [5], it is unique. At this equilib-
rium, unless there is a node & with Dy > Pr, the powers are
such that the nodes are SINR-balanced (i.e. (22) holds).
Returning to the game G, a similar result holds: there
exists a unigue equilibrivm where all receivers are MMSE
detectors and, if the power limit is high enough, the powers
are SINR-balanced.

4 Asymptotically Large Systems: Extend-
ing the Tse-Hanly Equations to Multi-Hop
Networks

Assume that the channel gains are independent. That is,
in the asymptotic regime when N, K — o while K/N = B,
the interferers’ channe! gains, h(”" for all m # k& m(k),
are iid realizations of the random variable G with pdf fg,
and the primary channel gains, hg”("nz for all k, are iid
realizations of the random variable H with pdf fy (where
Ju(h)=0¥h < 0). Let g = P(m(j) = m(k)) for all j # k.

We can apply results from [6] (o analyze the nodes’
SINRs. Then we find a probability density function for r

_such that in an asymptotically large system where all nodes

have powers distributed by this function, with probability
one all nodes have SINR of at least y for some . If this dis-
tribution is not unique, we choose the one that minimizes
the nodes’ powers. For simplicity, and since we are consid-
ering the asyraptotic regime, we assume that the distribution
of py is independent of all channel gains except for h(’"("”

For convenience of notation, let Jorr(,} = fp k(,,,m,z( -,

and note [~ f(p,)dp = fu(k) for all h. Then the joint
density of py, hi’”“‘n , and hi’"(m for j £ kis
I o mn2(Dy 1 8) = So.u(p, B)8(g - kg
Pl Ry
+fou(p ) feleX1-q). (24
Applying the results from {6], when the receiver at node

k is a matched filter, decorrelator, or MMSE receiver, the
random SINR at the receiver converges in probability as

A function is quasi-concave if there exists a point below which the
function is noadccreasmg and above which the function is non-increasing.

\




N, K — oo while K/N = . These asymptotic SINRs are
uniquely described by the equations (where jF k)

. (k)2
Moo P by (25)
ol + ﬁE[ _h(m(k))z]
Pji;
P h(m-:an([_ﬁ) )
'YDE={ gy 7 acl; (26)
0, az>l.
and
P hfc'""‘”z
E _
= — ,
a2+ [dp [ dg fe(p) o) (pg, pe™”, yMMSE)
27
where I{a, b,¢) = b:’ﬁc.

If the nodes choose their transmit powers so that the
SINRs are balanced, the following theorem determines
what SINRs are achievable at all receivers as well as the
* minimum transmit powers to achieve any achievable SINR
when the nodes use the MMSE receiver, under the assump-
tions fisted above. '

Theorem 4.1. A necessary and sufficient condition for an
SINR, y, to be achievable is for

1
ﬂqu +6y(1 - q)E[ ] <1. (28)

G
H+yG

When (28} holds, each user can achieve the desired SINR,
v, and the minimum power solution to do so is to assign
each node, k, transmit power

1 2 ) ‘
[ (hi (1) ,y) 29)
hl(‘m(m)z 1= Byah - Byl - ‘I)E[nye]

(30

4.1 Proof of Theorem 4.1

We start with a lemma that is a straightforward conse-
_ quence of the definition of I(a, b, c).

Lemma 4.2. For all positive real numbers ag, o, b, ¢, ap < a
ifand only if I{ag, b, ¢) < I(a, b, c).

Then the proof follows.

Proof. To show necessity, assume that there is a pdf £ with
I F.ydp = fu(k) for all b, such that in an asymptot-
ically large system where all nodes have powers and pri-
mary channel gains distributed by £, with probability one

all nodes have SINR when using an MMSE receiver of at
least y for some set y. Let Q = inf{ph : f(p, k) > 0}. Then

g =g’ "”ﬂf dg Jﬂ’ dp \fm dhf it h(mu‘nl(Pﬂ h, g)I(pg, .7
¥ 0 0 0 Paofty = B

s f dp f: dhfyu(p, I(ph, O, 7)

va=o) [ dg [ v [ antuatoirsoterncons, 0.0

> o’ +fq f dp fo dhfpu(p, Q. O, 1)

“B-g) f: dg f; dp f: Bhpap, DIDIQE, 0.)

=€2+ﬁq% +B8(1—4q) fw dg fm dhfy(h)fe(g) 80
+¥ 0 0

G
= o+ QBg—— + 0B(1 - gIE BENET
1+ H+yG

This implies that

1
Q(l *ﬁmm—ﬁ?(l -q)E[ ]) > yat =0,

(32)

G
H+yG

50 Byq i + Ay(l — g)E [ﬁ] < 1, proving necessity.
When (28} holds, it is easy to show that Pyyse (B, ) is

positive for all primary channel gains, 4. It is also straight-

forward to-show that if each node, k, uses transmit power

Pue (hfc"’("nz,y), alt nodes will achieve the SINR require-

ment, v, finishing the proof of sufficiency.

Finally, consider any other joint distribution of powers
and primary channel gains whose marginal distribution for
His fm, and let O be the minimal received power in this
distribution. Then by exactly the same argument as was
used in the proof of necessity,

2

0> ———2 33)
L~ frars; —Br(1 - B |25]
= hPrumse(h, v), YR > 0, (34)

This means that assigning powers according to Pyuse does
indeed give the minimal power solution. o

5 A Global Optimization Problem

A useful global optimization problem is

: < L 5 anfon)
maxzcxkuk = HR maxZ kp:k

) (35)
= k=1 :

where the ax’s are set weighting variables. This problem is
equivalent to finding a Pareto-optimal solution of the game.

h+yg




According to {5], even in the special case of a cellular SyS-
tem where L(k) = {k} for all nodes & = 1,2,. ., K and all
nodes are transmitting to the base-station, “Pareto—optimal
solutions are, in general, difficult to obtain.” For simplic-
ity, we resigict the problem by requiring that the solution
is “fair™ all nodes have equal receiver output SINRs (i.e.
SINR-balancing), soy =y =2 = ... yg.
With this assumption, (35) becomes

L S &
R maxf(y)z o (36)

For the matched filter, we can appIy (5) with m = m(k)
to see that the users’ SINRs are equal if and only if

(B + (% + 1) D)p(y) =g?1 &¥))

where Bis a K by K matrix with entriecs B;; = h("'(k”zpk "

Dis Kby K diagonal matrix with diagonal entries Dy =

h(m(k» . and 1is a vector of X ones.
The SINR that maximizes (36) is the  that satisfies

, |
N 3‘; [f kZ P (7)] 38)
K
[f( D) Z{ 7o) Br 2 [,
39)

where p(y) and % [pe(y)] are the kth elements of

-1
py) = 02(3 + (% + 1) D) 1 : (40)

and

% PN =GB+ 1+ D' DB+ +y Dy L
(41)

For the decoirelator, it is easy to show that the non-
cooperative results are equal to the globally optimal results,
since the users’ achieved SINRs are independent of all the
powers of all interferers.

Finally, for the MMSE receiver, we can apply the results
from Section 4. In a large system, if all users choose their
transmit powers based on the values of h(’"m) for m(j) =
m{k) only through the average of these 1nterference gains
and if we use the assumptions of Section 4, the SINR is
approximated by

2
. Jmen

%’I:flMSE - ity

(m(E))2 )2 )
02+ B jus (", pihi T, MMSE)

(42)

Any <y, which satisfies 3 a” = r—,:- is a solution to (42).
Then the power for user k to achieve the SINR v* is

pMMSE _ 1 o’ (43)
k h(m(k)) 1-py* (qm +(1 —q){()’*))

where {(y} is the mean value of 2= [rvsr G in the network. Equal
received SINRs amongst the users is achwved with mini-

mum power consumption when pkh('"”‘” = k(y) is constant
for all k and
2
(¢
k() = th (44)

1-By(gs + A -9

Then, (36) can be expressed as

K
L i) f
7K ok max ——. (45)
M [; : v K(y) :
The solution to max, % must satisfy (f{(:;) = 0.

Combining this with (44} gives the eguation that must be
satisfied by the solution to the maximization problem in
(45):

1-
) =) { . (,w + B - gyyiy) ]
_— : I- (1+}’)1 _)8(1 - q}'}’f(}’)

If {(y) << 1, then the equation is approximately the
same as in the cellular case [5] with K/N — Sg. Then,
the ability to use multiple hops to communicate, and there-
fore reduce transmit power, has similar results to reducing
the system load; furthermore, for a large range of values of
Bq, the MMSE target SINRs for the noncooperative game
and for the Pareto-optimal solution are close.

6 Numerical Results

Consider a multi-hop network with X = 100 nodes dis-
tributed randomly in a square 500 meters by 500 meters
surrounding an access point in the center. We use a sim-
ple roating scheme where all nodes transmit to the closest
node that is closer to the access point (or the access point
if that is closest). We assume that each packet contains 100
bits of data and no overhead (. = = 100); the trans-
m1ss10n rate is R = 100 kb/s; the thermal noise power is
o? = 5 x 1078 Watts; the channel gains are distributed
with a Rayleigh distribution with mean 0.3472, where 4 is
the distance between the transmitter and receiver; and the
processing gain is N. We use the same efficiency function
as [5], namely f(y) = (1 —e ™M,

Table 1 shows the average utility for four representative
sets of randomly chosen spreading sequences, one for each




of N =50, 100, 200, and 300, comparing the mean utility
under the various power choice method discussed above.
Table 2 shows the target SINRs for the socially optimal re-
sults displayed in Table 1.

MF DE MMSE

N =50

non-coop. || 0 1.198 x 10'°
soc. opt. || 2.025x 10714 1.199 x 10%°
N =100

non-coop. | G 1.095x 108 | 1.417 x 10
soc.opt. || 1.050x 10~* | 1.095x 10® | 1417 x 1010
N =200

non-coop. || ¢ 7459%10° | 1.476 x 101°
soc. opt. || 2.512x 1071 | 7.459 x 10° | 1.476 x 1010
N =300

non-coop. | 0.2056 1001 x 101 | 1.493 x 108
soc. opt. | 1.351x 10° 1.001 x 10Y | 1,493 x 109

' Table 1. Mean utilities for four representative
sets of spreading sequences.

N MF | DE | MMSE
50 || 0.87 6.39
100 || 1.31 | 647 | 6.43
200 7 0.99 | 6.47 | 6.45
300 {| 5.03 | 647 | 6.46

Table 2. Socially optimal SINRs for the same
four representative sets of spreading se-
quences.

The socially optimally impiemented MF receiver per-
forms poorly in heavily-loaded systems, while the non-
cooperative implementation fails to achieve non-zero utility
except in the case with the lighiest load. Even in the case
where 8 = 1/3, the mean utility for the socially optimal MF
receiver is less than a tenth of the MMSE receiver’s mean
utility. Using the DE receiver (for which we require that
K > N), as was noted in Section 5, there is no difference
between the non-cooperative and socially optimal results:
both cases have the same target SINR and thus the same
mean utility. For the MMSE receiver, this difference be-
tween the mean utility in the non-cooperative and socially
optimal implementations is very small. Finally, the DE and
MMSE receivers both significantly outperform the MF re-
ceiver in all four of these cases. There is, however, a price to
pay in using the better-performing receivers: these receivers
require more information at every node as well as signifi-
cantly more computation. These issues will be addressed
further in later research.

7 Conclusion

We have analyzed the cross-layer issue of energy-
efficient communication in multi-hop networks using a
game theoretic method. Focusing on linear receivers, we
have derived the transmit power Ievels that results in a Nash
equilibrium for multiple receiver designs, showing that at
this equilibrium the users are SINR-balanced. We then gen-
eralized the important asymptotic work of Tse and Hanly
to allow for the case where users and their interferers may
be transmitting to different locations, keeping the cellular
example as a special case. We applied these asymptotic re-
sults, as well as exact resuits for the MF and DE receivers,
to find the equations for the SINR-balanced Pareto-optimal
solution. We showed that the MMSE receiver is the optimal
receiver and that in many cases the non-cooperative MMSE
receiver results are quite close to the socially optimal re-
sults.
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Energy Efficiency in Multi-hop CDMA
Networks: A Game Theoretic Analysis

Considering Operating Costs .

Sharon M. Betz, Student Member, [EEE, and H. Vincent Poor, Fellow, IEEE

Abstract

A game-theoretic analysis is used to study the effects of receiver choice and transmit power orf the
energy efficiency of multi-hop networks in which the nodés‘:_tzéiﬁmUIHcate using Diréct—Sequence Code
Division Multiple Access (DS-CDMA). A Nash equilibriurf_; of the game in which the network nodes
can choose their receivers as well as their transmit powers :to ‘maximize the total number of bits they
transmit per unit of energy spent (including both transmit and operating energy) is derived. The energy
efficiencies resulting from the use of different linear multiuser receivers in this context are compared for
the non-cooperative game. Significant gains in energy efficiency are observed when multiuser receivers,
particularly the linear minimum mean-square error (MMSE) receiver, are used instead of conventional

matched filter receivers.

Index Terms

Energy efficiency, game theory, utility function, Nash equilibrium, cross-layer design.

I. INTRODUCTION . - -

In a wireless multi-hop network, nodes communicate by passing messages for one another; permitting
multi-hop communications, rather than requiring one-hop communications, can increase network capacity
and allow for a more ad hoc (and thus scalable) system (with little or no centralized control), For
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these reasons, and because of their potential for cormnercial,r military, and civil applications, wireless
multi-hop networks have attracted considerable attention over the past few years. In these networks,
energy efficient commurication is important because the nodes are typically battery-powered and therefore
energy-timited. Work on energy-efficient communication in these multi-hop netwotks has often focused
on routing protocols; this work instead looks at power control and receiver design choices that can be
implemented independently of (and thus in conjunction with) the routing protocol.

One approach that has been very successful in researching energy efficient communications in both
cellular and muiti-hop networks is the game-theoretic approach described in [1], [2]. Much of the game-
theoretic research in multi-hop networks has focused on pricing schemes (e.g. [3], {4]). In this work, we
avoid the need for such a pricing scheme by using instead a nodal utility function to capture the energy
costs. It further differs from previous research by considering receiver design, as {5] does for cellular
networks. This work further differs from existing rf:search,. including [6], through an extension of the
utility function that considers the total energy costs, not just the transmit energy.

We propose a distributed noncooperative game in which the nodes can choose their transmit power
and linear receiver design to maximize the number of bits that they can send per unit of power. After
describing the network and internodal communications in Section I, we describe the Nash equilibrium
for this game, as well as for a set of games with set receivers, in Section ITL. We present numerical results

and a conclusion in Sections IV and V. d

II. SvystEm MopEeL

Consider a wireless multi-hop network with K nodes (users) and an established logical topology, where
a sequence of connected link-nodes [ € L(k) forms a routezd-riginating from a source k (with k € L(k)
by definition). Let m(k) be the node after node & in the route for node . Assurﬁe that all routes that go
through a node k continue through m(k) so that node & transmits only to m(k). Nodes communicate with
each other using DS-CDMA with processing gain N (N chips per bit).

The signal received at a node m (after chip-matched filtering) sampled at the chip rate over one symbol

duration can be expressed as

K
i = 3 VB bise +w™ (1)
k=1 .

where py, by, and s; are the transmit power, transmitted symbol, and (binary) spreading sequence for node
k; hg") is the channel gain between nodes k and m; and w'™ is the noise vector which is assumed to be

Gaussian with mean 0 and covariance o2 I. (We assume here p,, = 0.) Assume the spreading sequences
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are random, i.e., §; = ﬁ[wl ...vyI", where the v;’s are independent and identically distributed (i.i.d.}
random variables taking values {~1, +1} with equal probabilities. Denote the cross-correlations between

spreading sequences as
T
Prj = 8; 84, (2)

noting that py = 1 for all £.
Let the vector c'fcm) represent the linear receiver at the mth node for the kth signature sequence. The

output of this receiver can be written as

y = _ 3)
= VPR bic s+ D VPHbiels; + e W, (4)
JEk

The signal-to-interference-plus-noise ratio (SINR), ¥, of the kth user at the output of recieiver m(k) is

kN2 {7 )2
pih C" Sk :

2 2°
e e + Y Pjhf.-m( ) (CkTSj) '

Each user has a utility function that is the ratio of its effective throughput to its expended transmit and
compuiation power, i.e., 1‘
Tt a

Here, the throughput, T}, is the net number of information bits sent by k (generated by % or any node

(6)

By

whose route goes through k) and received without error at the intended destination, m(k), per unit of time
and gy is the power expended by the node to implement the receiver. (We assume that all the congestion
control is done in the choice of routing.)

Following the discussion in [5], we will use

. .
T = HRf 673 €))

where L and M are the number of information bits and the total number of bits in a packet, respectively
(without loss of generality assumed here to be the same for all users); R is the transmission rate, which is
the ratio of the bandwidth to the processing gain and is taken for now to be equal for all users; and §iQ)
is an efficiency function that closely approximates the ﬁac_:l&et success rate. This efficiency function can

be any increasing, continuously differentiable, sigmoidal! function with f{0) =0 and f(+w) = 1. Let its

!A continuous increasing function is sigmoidal if there is an inflection point above which the function is coneave and below

which the function is convex.
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first derivative be denoted as f/(y) = a—’;iﬂ and let yp be its inflection point. See {5] for more discussion

of the efficiency function.

Using {7}, (6) becomes

L
w = =R Fye) . ®)
M pe+ge :
When the receiver used is a matched filter (MF) (i.c. qi’"(k»- = &), the received SINR is
2 2 '
- thf(k) (SkTSIc)
e m0? (o ¢ ®
UzskTSk + Zj#k pfh'j (Sk Sj) .
2
hm(k)
_ Dty (10)

Y
a’+ Ej;&kpjh?( ) P%j

When the receiver is a linear minimum mean-squared error (MMSE) receiver , the filter coefficients

and the received SINR are [7] °
T CHIE
cMMSE _ _ L X Alls, (11)
L+ pehf® ST A s,
cand '
y
,y,']:lMSE — pkhz’i(k) S;{A;lsk, o (12)
where
2
A =021+ij;;';“("’ sjst. _ (13)
jtk )

“When the receiver is a decorrelator” (DE) (ie. C = [¢1 -+ ¢x] = S(8"S)™" where S = [s; - - -s]), the
received SINR is

mik)?
b _ Pt
Yo = 5 - : (14)
alele,

For any linear receiver with all nodes’ coefficients chosen independently of their transmit powers
(including the MF and DE), as well as for the MMSE receiver, the SINR for user & is the product of

user ks power and a factor that is independent of user k’s power:

YilPe, P—t) = Pr&i(P-i), - (15}

*Here, we must assume that K < N.
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where p_ is a vector of the powers of all users except for user k and g, is a function that depends on

the receiver type, the channel gains, gy, and the users’ spreading sequences. This means that

g"—k =% e (16)
D Pk

S0 ¥y is strictly increasing in pg. Thus, for a fixed receiver type and fixed powers for the other users,

there is a one-to-one relationship between the power of user k and its SINR. Let po(p_) = gk(’;’_“ be the
unique positive number for which yi(po(p_i), p-+) = o, where, as before, y, is the inflection point of '

the efficiency function f(3).

III. Tue Noncoorerative Power-ConTrOL GAME

Clet G = [‘K A {uk}] denote the noncooperative gamé where K ={1,...,K} and A; = [0, Puax] X R
is the strategy set for the kth user. Here, Py, is the maximum allowed power for transmission and R
is the set of allowable receivers, for now restricted to the ME, DE, and MMSE receivers. Each strategy
in Ap can be wrilten as a; = (pg, r;), where P and 7, are the transmit power and the receiver type,
respectively, of user k. Then the resulting noncooperative game can be expressed as the maximization

pt_’oblem fork=1,...,K:

max u;, = max ug(pere) ' (17)
A Prste

L (P p-
= L pmax Fo P l; &) (18)
Pralk Pr ¥ q;
L (i -
Tk Dk Prt 4,

where y; and g; are expressed explicitly as functions of the transmit power and receiver type.
" For each of the receivers, r, in R, let G, = [‘7( , {10, Prax 1}, {uk}] denote the noncooperative game that

differs from & in that users cannot choose their linear receivers but are forced to use the receiver r. The

resulting noncooperative game can be expressed as the following maximization problem fork = 1,...,K:
LR [ (Pe.P-1)

max i , )= —max ———, 20

12 #(Pr, 1) M et g (20)

Given a certain system and fixed powers for all other users, there is a unique optimal power level for

any user. The next three lemmas show this and describe that power level.

Lemma IIL1. For any user k, fixed non-negative scalars g and qy, and linear receiver discussed above,
there is a unique positive scalar pi{g) that satisfies '

d
o0 feR| g o
dpp+aq p=Fu(e)
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- and it occurs in the concave region of the efficiency function: gpi(g) > vo ¥g € R,.

Progf: We prove the statement for any k € {1,2,..., K}. First, choose any p < ’;7" and fet y = pg €

[0, ¥ol, which implies that f'(y) > @ Then
0 fo) ' f»

= _ 22)
Opepr+qilp=p PP+ar) (p+aq) (
f» . 23)
pp+q) (p+qi) _
qif(y) :
= AROF 24)
pp+ gt (
> 0. (25)
This means that no value of p < % satisfies (21).
Next, let b(y} = f(y) —vf (7). s0 .
3 f(g) _ (pe+q)f (peg)e — flpeg)
i = 5 (26)
3pr pr + Gk Dr + q0)
481" (peg) — b(pig)
= 27
(o + qu)” @7
Since limy o, b(y) = lity e f(y) = 1 and limy—eo ¥f'(y) = 0 [8], limp o0 a;;pf :fh < 0, which, since (26)

is continuous, implies that there is some p; for which it is zero, This shows the existence of at least one
Pr(g) in the concave region.
. - 8 flpg) — 3 fipg)
Finaily, assume that there exist p; and p, such that P22 pi>po and 30 Pt |y, = O e +qu e =
- 0. Then q:f"(8p2) - b(gp2) = qigf'(gp1) — blgp1) or qug (f'(gp2) — f(gp1)) = b(gp2) — blgpy). Since
&P2 > gp1 > Yo, the left side of this equation is non-positive while the right is non-negative [8], which

is a contradiction unless p; = p;, which means that the value of pi(g) is unique. ' |

Lemma HL2. For any user k, positive scalar qy, fixed set of powers p, and linear receiver discussed
above, there is a unique vector p(p) that satisfies for each k
3 foipp)
9 prae lpp,

and it occurs in the concave region of the efficiency function: pi(p) > py V¥p € RX.

=0 (28)

Proof: Let g = gi(p_t). Then, by Lemma III.I,' for each % there is a unique positive scalar pi(g) that

satisfies

a
9 fps) _0 29)
Op P+ qilp=pite) -
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and it occurs in the concave region of the efficiency function: gpi(g) > vo Yg € R,. Let the elements of

the vector p(p) be defined as pr(p) = Pr(gw(p-x)) and the proof is complete. ]

Lemma I1.3. pi(g) is the unique number that satisfies
(P} + qlgf (Pulg)g) = f (Pi(8)g) - (30

FProof: By Lemma 1112, p;(g) is the unique number that satisfies Equation (21). So
_ 9 fpg)

= (31)
p P+ qilp=pie)
_ 9 (ptqef'(pg) - fpg) ’ 32)
op (2 +q)? p=Pi(s)
which implies that p.(g) satisfies
Pu(8) + gl (P(e)e) = fF (Pi(9)e) - + (33)

If pi{g) satisfies Equation (30) then p,(g) satisfies Equation (21), implying that there must be a unique
solution to Equation (30). _ L

The following theorem says that the game has at least one Nash equilibrium.

Theorem IIL4. A Nash equilibrium exists for G,. Furthermore, if p’ is a Nash equilibrium point, for all

users k:

Py (34)

;o ;de(P’), Efc(p’) < Prax;
Prax, else

Proof: Since {0, Py is a nonempty, convex, and compact subset of some Euclidean space, a Nash

equilibrium exists in G, if, foralt k= 1,..., K, u is continuous in p and quasi-concave in p; [2]. Choose
any k € K. It is obvious that u; = %R% is continuous in p since f(-) is continuous and 7] is continuous

in p. Finally, Lemma IT1.2 shows that the root of u,(pt) is unique, so, since u(p;) is increasing before
Pi(p) and decreasing afterwards, this is a unique local maximum and thus a global maximum, implying
that u; is quasi-concave in py.

If p’ is a Nash equilibrium point, by definition py(p’)} = P, unless the Nash equilibrium involved a

O Pep-)
Pt pe=0

some finite p; > O such that f(y;(pr. p-&)) > 0 which implies- that % >0, so the Nash equilibrium

cannot occur with p; = 0. If pu(p’) > Py then ux(py) is strictly increasing on {0, Pyay] so the optimal

boundary point, that is that Py, € {0, Prax). For any vector p_g, = 0, while there exists

power for the kth user is Ppax. If pi(p’) < Ppax then ux(py) is strictly decreasing for p; > pi(p’), so the

optimal power for the kth user is py(p’). _ u.
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From this point on, for simplicity we wiill assume that Py < PnaxVk; the extension to the case where
this does not hold is straightforward.
If the combination of interference and noise encountered by a user increases, this pser’s optimal SINR

decreases. This is formally stated in the following lemma.

Lemma M5, If p and p’ are non-negative K-vectors with the property that gi(p.i} < gu(p’,), then
Pe(P)ge(P-i) < Pr(p")ge(pl,). -
Proof: Assume that pi(p)gi(p-+) > Pu(p")gx(p’ ). Then
0> (guP-0)gk — 8ePL)q) ' Belp)er(p ) (35)

= (8e0-00g + Pl 0L)) £ Bil® 2P 0) — (26@ ) + Fi@)g0) £ B e’ ))  (36)

= (8eP-ge + Pal®)ge®’ ) £ Brl@ )@l — F B )2lp’ ) (37)
> (guP-ax + Pr)ge.0) £ (Be@)ge®-e)) - FB 53-&(1)4)_) (38)
= (&(P-1)ge + PiD)gP-0) F BelPge(ps)

— (PI8D-0 ~ F®)8lp’) F Gel®ee® o) ~ FBe e’ ) - (39)
= f(Pr(P)ge-) — FBP 8P ) + (PP der(p.y) — Ek(P)gk(P—k))f’(Ek(l?)gk(Pfk)) (40)

> fEPIEP-0)) — FBulp gD’ L)
FE@gp-) — FBu®)ee®’ )

— ’ : 7 - _ — o 41
+ (Pk(P 8:(P.,) — Pe(P)gi(p k)) D)D) = )50 ) (41)
=0. (42)
Since this is a contradicti‘on, Pe(Pge(P-1) < Pl gD’ ). N

Lemma UL6. £7(g) <O¥Vgc R, Vk o p>p = B(p) >

Proof: If %ﬁk(g) < 0¥g € R,, Yk then each of the E:;;c(é) functions are decreasing, so, since p >
P = 2up-1) < g IVE Pilp) = Prlgr(p-0)) = Prlge(®’ ) = Bulp')Vk.

C Hpzp = B(p) > B then it must be that g < ¢ —> Fulg) > Filg')Vk, which means that

25i(g) < O¥g € R, Vk. om
Note that in the case that g, = 0, Equation (30} simplifies to yf'(y) = f(y), as expected. |

Lemma HL7. g.f" (Pi(e)g) + 8Pe(8) (Pilg) + 4u) f” (Pile)e) < Wg € R, & LFi(g) <OVg € R,
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Proof: Taking the derivative of both sides of Equation (30) with respect to g results in the equation

d_ _ .
(%Fk(g)) gf Bg)e) + (Pe) + ) (Pu(2)g) + (Bilg) + qu)g ((ggpk(g)) g+ pk(g)) f (elg)g)

= ((%m(g))gm(g))f Fl2)e). @3)
which simplifies to
o a - — LT ol
auf (Dilg)e) + Dil(g) + q1)g ((Egpk(g)) g+ pk(g)) I (pg)g)r=0, (44)
implying that
G af (De8)g) + Bie) + a)gPe@) [ (Pilg)g)
agpk(g) - @) + agf” Pi(g)g) ' (“5)

" Since gpi(g) > Yo Yg € R,, as was shown in Lemma TL1, f” (Bi(g)g) < 0. Therefore, %’ﬁk(g) is
negative if and only if the numerator in Equation (45) is negative, which is the condition given in the

lemma statement. ' ]

Theorem 1.8, The Nash equilibrium for G, is unique if any of the following conditions hold:
Iy pz2p = pp)2pO)
2) £7ig) <0Vg e R.VE, or
3 quf” (Pe()8) + £Pe(8) (Pi(8) + q1) [ (Pr(g)g) < OVg € R, VE.
Furthermore, the algorithm where, for each time t, the users use the power described by p(t) = p(p(t-1))

converges 10 the unique Nash equilibrium for any initial choice of power vecior.

Proof: The Nash equilibrium is unique and the described algorithm converges to it if p(p) satisfies

the following three properties [9]:

1) positivity: p(p} > 0 for all p > 0;

2) monotonicity: p = p’ = Pp(p) = p(p*);

3) scalability: x> 1 = up(p) > plup).

Positivity is obvious since we already showed that pp(p) > po > O for all k. By Lemmas II1.6 and
- IIL7, monotonicity is assured when any of the (equivalent) conditions in the theorem statement are true.
. For scalability, for any u > 1, since for the receivers considered here, He(up ) > g(p_g), Lemma IT1.5
implies that B(p) > $E-B(up) > L(up). m

The solution to yf'(y) = f(y) is a lower bound on p(g)g. In fact, as g, increases, so does Di(g)g. That

is, as the power necessary to run increases, the nodes aim for a higher SINR: to make the transmission

worthwhile, they need more throughput.
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Lemma IIL9. For set values of g,
> 0. : - (46)
Progf: From Lemma I3, P is the unique number that satisfies

@e + quigef (Dregi) = f (Teg) - (47)

Taking the derivative of both sides of this equation with respect to g, gives

Ipi —_ Dk 5 0 apr ., .
4 — = — , 48
(——aqk + 1) gef’ (Degi) + (Pk + qi) aqu"f (Prge) aqk_gkf (Drgr) (48)
which means that ‘
apy f Dege)
LR e = Q. {49)
0qe  (Pr+ q08f" (Pig) .
[ |

Ll

Lemma II1.10. gﬂ >0
Sk

Proof: Consider what happens if g, is changed from g, to g, + & for some & > 0. Then the utility

of user k is
. F(oilgx + a)ge + @) y
= — 50
“elge ) Pilgr +a)+ gy 0)
5 f (Pi(gk)(gk + &) (51)
Pilge) + g
I (Dig)ge)
f (Pilgngy) 52
” Pilgr) + qi ©2)
= uy(ge)s (53)

where the first inequality comes from the fact that 7, is chosen optimally and the second because f(-) is

an increasing function. : |

Theorem IIL11. For any user j (including j= k), % o 0, where the inequality is strict for the MF and
J £ Ere q

MMSE receivers and for the decorrelator when j=k.

Proof: Consider the algorithm described in Theorem II.8 that converges to the Nésh equilibrium.
If the starling point (p(0)) were taken as the power vector at Nash equilibrium for some value of g; and'
g were increased slightly, then for / # k, p(1) = p(O) while pp(1} > p(0) by Lemma IIL.9. For the
decorrelating rgceiver, this is the new_Nash equilibrium. For the MF or MMSE receiver, for. all users

I # k, their values for g at time 2 are strictly less than their g; values at time 1 by monotonicity this
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means that p(2) > pi(1). This process continues with each user increasing its power at each time until
the algorithm converges (which it is guaranteed to do by Theorem II1.8). Therefore, with a MF or MMSE
receiver, any user j (and us.er k in the case of a DE receiver) has a lower value pf g;» and thus, by Lemma
IIL10 a lower utility, when ¢, is increased, : 7 [ |

Except in the case of the decorrelator, the non-cooperative ﬁcsﬁlt is not socially optimal, as the following

theorem shows.

Theorem HI.12. For the decorrelator, the Nash equilibrium is Pareto optimal. For the MMSE and MF

- receivers, the Nash equilibrium is not Pareto optimal and can be improved upon if every user decreases

its power by a small factor.

Proof: The decorrelator ;:ancels out all interference; the receiver and its performance are both
independent of the powers of the interfering nodes. This means that the different nodes games’ are
independent and thus the Nash equilibrium is Pareto optimal.

For the matched filter and MMSE receivers, consider what happens when the power vector is p = ap,
where Pp is the power vector of the Nash equilibrium and @ is a positive number. Specifically, consider

the derivative of the kth user’s utility with respect to « at the point where & = 1 (that is, at the Nash

~ equilibrium). For both of these receivers, this derivative 13"‘négative for all k: there exists a factor by

~ which each user can increase its power from the Nash equilibrium power so that all users will increase

their utilities.
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MF
6uk

da =1

-

MMSE
Buk

da

=1

MF
_ IR+ T PO - o)

M (P + @i -
Bt a0 2B (D) - B (@)

_ LR (0'2+): o BT p,q)
M (Pr + Qk)2

1R ot £ (2°®) - B (AT ®)
_ o ek Pil;" Oy
M Bt 0
_ LB (®) [ o2 i 1]
M Gita) |o2s S B, 2 2

LR B (VAP ®)) 5 i Jh”"“) 02
(pk + qk) (0‘ £ Z#k P_,hm(k) pkj)

< 0,

LR (pe + qk) f (,yMMSE) ap,[ f(,yMMSE)
@e + qu)°

E

=1

Dy T Z - Y y —
IR+ a0 B A @) - D)

M (e + Q’k)z
LR Puf(YY™SE(p)) (o-zs,ngzsk —-sTA! sk)
M (P + g s{Als;
LRPS OBt AL (0 - Ad)AL's,
M (Ek + qk)2 SEAI:IS]C
LR if (Timsg@)s;{ AI; (Zﬁﬁk plhm(k) SJS?) Alls
M @i+ qe) s A sy
—— T~ )2 - -
| g PfOIMSEE)) (Z;‘#k Pjh?i(,k.) sTAls STA; lsk)
ﬂ- (Fk + qk)2 S?:Aglsk
c— k)2 - 2
1R PefyMSE(p)) (E s DT (T ALls)) )
M (P + q)° st A ls;
0,

<

12

(54)

(55)

(56)

(57)

(58)

(59

(60)

(61}

(62)

(63)

(64)

(65)

(66)

(67)

where Equations (56) and (62) come from Lemma I1.3 and Equations (55) and (61) make use of the
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following simplifications:

MF hm(ic)2
&;’f - aa Pk = (68)
L P a0'2+2¢ ij Pija_
Z ap; 2
(‘Tz + 2t Pjhm(k) P:u) % h;cn(k) PO % % h;ﬂ(k) Piy
B P 2 (69)
(O' + Eﬁek P} pkj) -
- & K
(0“ 2+ Y Pjhm Pk,) thm(k) thm( ? ek P;hm( ) Pk,
= i
(‘3'-2 + Z;;tk P_rhm(k) ij)
2
R |
= il ok {71
(0 + Dy Dk p,q)
and .
3)’}:{MSE apy 2 2 aJA,
- __hm(k) TA—I _ hm(k) TA_1 ....,,...ISA_l 7
de |, da* S S — ety 5L A B k'ska=1 (72)
a Y 2 2 ap; 2
alc’:c (k) TA ISk khm(k) TA 1[2 Jhm(k) s J]A 5 3)
JFk =1
= ﬁkh?(k) TA s —thm(] TA (Zﬁ LGN ]A‘ Sk (74)
JEk
2
= thm(k) s; AL (Ak - Z D jhm(k) ]A Sy (75)
Jk
e 2 _
= o-zpkhf(k) s{A %S, (76)
[ |

A. Nash equilibrium for a specific efficiency function
Consider the efficiency function f(y) = (1 — ¢~ ) . For this function
af (Fulg)g) + P&} (Pi(8) + ) f (Bi(2)g)
= MO (1 — D) (g, (1 TORY 4 Bl (Pile) + qo) (Me 0% — 1)) an

= MePHE: (1 _ e—ﬁ((g)g)M—z

: (qk (1~ 26779% & (Mpitedg + e P98 — Pile)g) + Pilg)e (Me Pk - 1)) (78)
< Me P (1 - e—ﬁ@JE)M‘z (qk (2 - 2¢ 9% — Fi(o)g) + Pulg) g (Me PO — 1)) (79)
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where the last inequality comes because, by Lemma HL9, pi(g)g > y*, where ¥* is the solution to
Yf'(¥) = f(7). Then, since Di(g)g > v* > vo. b(Bi(8)8) > b(r") = 0, s0 f (Pile)e) > Pul®)gf" (Bu(8)g)
which, for f(y) = (1 — &)™, implies that (MPi(g)g + 1) P& < 1.

Since Pr(g)g > ¥o and () =0 = Me™ =1, Me™P&% < | and Pi{g)g > log(M). For M > 53,
Pi(8)g > log(M) > 1.6, which means that 2 —2¢ P48 _ 7, (g)g < 0. This means that, for M > 5, Equation

(79) is negative, so Theorem IIL.8 holds and there is a unique Nash equilibrium.

IV. NumericaL Resurrs

Consider a multi-hop network with K nodes distributed randomly in a square whose area is 100K
square km, surrounding an access point in the center. For simplicity, the simulations assume a routing
~ scheme where all nodes transmit to the closest node that is closer to the access point (or the access
point of that is closest). The packets each gontain 100 bits of data and no overhead (L = M = 100);
‘the transmission rate is R = 100 kb/s; the thermal noise power is gl = 5x 10716 ‘Watts; the channel
gains are distributed with a Rayleigh distribution with mean 0.3d2, where d is the distance between the
transmitter and receiver; and the processing gain is N = 32. We use the same efficiency function as 5],
namely f(y) = (1 — ¢™*)™, which can be shown to satisfy the conditions for the existence of a unique
Nash equilibrium, Finally, the amount of energy that a node has t6 expend to run, g, is assumed to be
the same for all nodes and is allow to range from 0.0001 Joulés to 1 Joule per transmission (equivalently,
for the rate and packet size given, it tanges between 0.001 Watts and 10 Watts) while Prax is taken to
be infinite.

Figure 1 shows the mean utility (averaged over 100 realizations of the system) for the different receivers
as a function of the system load. Here the load ranges from O to 1.5. For loads greater than 1, thé DE
receiver cannot be.used. Changing the value of g by a factor of ten for all the users changes the mean
utility by roughly a factor of ten as well. As is shown in Figure 1, for very low loads, all the receivers
perform similarly well, with the various utilities at low load depending only on the value of g. As the
load increases, the MF receiver is most affected, with the mean utility dropping by about a factor of ten
when the load increases from 10% to 50%. The performance of the DE and MMSE receivers are sirﬁilar,
although the MMSE receiver outperforms the DE receiver at all points, with more significant gains at
high load. 4

As shown above, for the MMSE and MF receivers, the Nash equilibrium point is not Pareto optimal.
This is particularly obvious for the matched filter. Figure 2 shows how the utility for all 16 users in one

scenario change with time when the simple algorithm described above is run. Notice that all users have
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better utility before convergence. In fact, for this example, mean{u;} achieves its maximum at = 2 while
ming {4} achieves its maximum at ¢ = 6. Figure 3 shows the transmit power for all users in the same
example; from this it is clear that the users are transmitting at higher and higher powers to the detriment
of their utilities. The MMSE receiver tends to do much better (though it would still be better for all
users to use slightly less power each); the MMSE receiver also converges much faster. The DE receiver
converges in just one time step (due to the independence of the power choices of different users) and

results in a Pareto optimal solation.

V. CoNcLUsIoN

In this paper, we have analyzed the cross-layer design issue of energy efficient communication in multi-
hop networks using a game theoretic model. We have extended previous work in this area to consider
the energy costs used in operating the receiver and transmitter, in addition to the transmit costs. A
noncooperative game has been proposed in which users are allowed to choose their transmit powers and
uplink receivers to maximize their utilities, We have seen that, amongst all linear receivers, the MMSE
receiver. is optimal and there is a significant improvement in achieved utility when multiuser detectors
are used in place of the conventional MF, particularly in systems with high loads. We have shown that,
for the MF, MMSE, and DE receivers, a unique Nash equilibrium exists. For the decorrelator, the Nash
equilibrium is Pareto optirnal, but for the MF and MMSE receivers, this Nash equilibrium is not Pareto
optimal and can be improved upon if each user transmits at slightly less power. Future work will extend

this analysis to treat more complex systems and to allow the nodes more strategy options.
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ABSTRACT

This paper studies the performance of partial-Rake (PRake}
receivers in impulse-radio ultrawideband wireless networks
when an energy-efficient power contro! scheme is adopted.
Due to the large bandwidth of the system, the multipath chan-
nel is assumed to be frequency-selective. By using noncoop-
erative game-theoretic models and large system analysis, ex-
plicit expressions are derived in terms of network parameters
to measure the effects of self- and multiple-access interfer-
ence at a receiving access point. Performance of the PRake is
compared in terms of achieved utilities and-loss to that of the
all-Rake receiver.

1. INTRODUCTION

Ultrawideband (UWRB) technology is comsidered to be a po-
tential candidate for next-generation multiuser data networks,
due to its large spreading factor (which implies large mul-
tiuser capacity) and its lower spectral density (which allows
coexistence with incumbent systems). The requirements for
designing high-speed data mobile terminals include efficient
resource allocation and interference reduction, These issues
aim to allow each user to achieve the required quality of ser-
vice at the uplink receiver without causing unnecessary inter-
ference to other users in the system, and minimizing power
consumption. Scalable energy-efficient power control (PC)
techniques can be derived using game theory [1,2].

In this work, performance of partial Rake (PRake) re-
ceivers [3] is studied in terms of transmit powers and utili-
ties achieved i the uplink of an infrastructure network at the
Nash equilibrium, where utility here is defined as the ratio
of throughput to transmit power. By using the large system
analysis proposed in [2], we obtain a general characteriza-
tion for the terms due to self-interference (SI) and multiple
access interference (MAI). Explicit expressions for the utili-
ties achieved at the Nash equilibrium are then derived, and an
approximation for the loss of PRake receivers with respect to
(wrt) all-Rake (ARake) receivers is proposed.

*This research was supported in part by the U. S. Air Force Research
Laboratory under Cooperative Agreement No. FA8750-06-1-0252, and in
part by the U. 8. Defense Advanced Research Projects Agency under Grant

HROO11-66-1-0052.

H. Vincent Poor*

Princeton University - Dept. Electrical Eng.
~ Olden Street - 08544 Princeton, NJ, USA

The remainder of the paper is organized as follows. Some
background for this work is given in Sect. 2, where the system
model and the results of the game-theoretic PC approach are
shown. In Sect. 3, large system analysis is used to evaluate
the effects of the interference at the Nash equilibriuin. Per-
formance of the PRake at the Nash equilibrium is analyzed
in Sect. 4, where also a2 comparison with simulations is pro-
vided. Some conclusions are drawn in Sect. 5.

2. BACKGROUND

2.1. System Model

Commonly, impulse-radio (IR) systems are employed to im-
plement UWB systemns. We focus here on a binary phase shift
keying {BPSK) time hopping (TH)} IR-UWB system with po-
farity randomization [4]. A network with K users transmit-
ting to a common concentration point is considered. The pro-
cessing gain is N = Ny .- N, where N is the number of
pulses that represent one information symbol, and N, is the
number of possible pulse positions in a frame [4]. The trans-
mission is assumed to be over frequency selective channels,
with the channel for user & modeled as a tapped delay line:

L
er(t) =3 o8t — (1 - VT — 7). (1)
=1

where T is the duration of the transmitted UWB pulse; L
is the number of channel paths; oy, = [a(lk),___,agc)]'r and
Ty, are the fading coefficients and the delay of user &, respec-
tively. Considering a chip-synchronous scenario, the symbols
are misaligned by an integer multiple of T,.: 7, = ATy, for
every k, where A, is uniformly distributedin {0,1,..., N —
1}. In addition, we assume that the channel characteristics
remain unchanged over a number of symbol intervals [4].
Due to high resolution of UWB signals, multipath chan-
nels can have hundreds of components, especially in indoor
environments. To mitigate the effect of muitipath fading as
much as possible, we consider an access point where K Rake
receivers [3] are used.! The Rake receiver for user & is in

1For ease of calculation, perfect channel estimation is considered theough-
out the paper.
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general composed of L coefficients, where the vector 8, =
G-op =6, B¥)T represents the combining weights
for user £, and the L x L matrix G depends on the type
of Rake receiver employed. In particuiar, if {G}y = 1 for
1 €1 < v- L, and 0 elsewhere, where r & Lp/L and
0 < Lp < L, a PRake with Lp fingers using maximal rafio
combining (MRC) scheme is considered. It is worth noting
that, when = 1, an ARake is implemented.

The signal-to-interference-plus-noise ratio (SINR) of the
kth user at the output of the Rake receiver can be well approx-
imated (for large Ny, typically at least 5} by [4]

h(SP)

h(snp + Z h{MAl)pj T+
JFEk

2

where o2 is the variance of the additive white Gaussian noise
{AWGN]} at the receiver; py denotes the transmit power of
user k; and the gains are expressed by

RS = B o, _ 3)
oo _ 1112 (BE -ar +Af - 8)|]°
by = — ] ? “
N By - ax
([BE - ool + ||a% - .l + |8 -y
h(MM):i k J -4 &k k 7
ki N ﬁf‘ak 3
5)
where the matrices
(a(k) e o
PN
Aj = ; S ©®
0 0 o
\ 0 0
(60 - B
0 (k) (k)
L 3
Bi=| : - . )
0 0o &
0 0
& =diag {$1,..., ¢}, ¢ = 2RLLNL (g

have been introduced for convenience of notation.

2.2. The Game-Theoretic Power Control Game

Consider the application of noncooperative PC techniques to
- the wireless network described above.” Focusing on mobile
terminals, where it is often more important o maximize the
number of bits transmitted per Joule of energy consumed than

to maximize throughput, a game-theoretic energy-efficient ap- -

proach as the one described in [2] is considered.

We examine a noncooperative PC game in which each
user seeks to maximize its own utility function as follows.
Let G = [K,{P:}, {ux(p}}] be the proposed game where
K = {1,..., K} is the index set for the users; P, = [0,7]
is the strategy set, with p denoting the maximum power con-
straint; and ux (p) is the payoff function for user & {1}

D _f (’Yk}
M™ p

where p = [p1,...,pk]| ate the transmit powers; D is the
number of information bits per packet; M is the total number
of bits per packet; R is the transmission rate; -y is the SINR
(2) for user k; and f{vx) is the efficiency function represent-
ing the packet success rate (PSR), i.e., the probability that a
packet is received without an error.

" When the efficiency function is increasing, S-shaped [1],
and continuously differentiable, with £{0) =0, f(+oc) =1,
(0} = df (v )/ drvly =0 = 0, it has been shown [2] that the
solution of the maximization problem maxp, c p, ur(p) is

* MAI
e (Z#k h.gcj )Pj + 0’2)

ug(p) = %

Pk = min By (10)
R (1= /70,6)
where 'yk*ls the solution of
FOR% (- 2/ vok) = JOrR), an

with /(1) = df (%) / dvely =z and yo = AT /R
In the typical case of multiuser UWB systems, N » K.
If 5 is sufficiently large, (10} can be reduced to {2]

o= 1 _ a?
& hg:SP) I — (79k+Ck )

where (' = itk h,(;m) /hf,-SP ; and 7* is the SINR at the
Nash equilibrium in the absence of SI, i.e., it is the solution
of (11) when g = +o0.

A pecessary and sufficient condition for the Nash equilib-
rium to be achieved simultaneously by all the K users, and
thus for (12) to be valid, is [2]

; (12)

7 {wh+Gt) <1 Vkek (13)

3, ANALYSIS OF THE INTERFERENCE

3.1. Analytical Results

As can be verified in (12), the amount of transmit power pj
required to achieve the target SINR ~; will depend not only
on the gain hgsp)! but also on the SI term hfl) (through v 1)
and the interferers hi?m) (through {x). To derive quantitative
results for the transmit powers independent of SI and MAI
terms, it is possible to resort to a large-system analysis [2].
For ease of calculation, the expressions derived in the re-
mainder of the paper consider the following assumptions:
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([ A(A? —1) (A% +3AP —1)—207 (AT +3A—1)plog A

2(Ar—1)2pAl+tPlog A
AR —1) (AP =1) 24T (3Ar—p+ATp) log A
2{AT -1 pAl+rlog A !

if0 < p < min(r,1 -1}
ifr<p<1l-—rand

r < 1/2;
a7

v{A, T p) =4

—4ATEI g q R e ARTER) Qg pRF IR g AR _op T (e 3004 A T p—1) log A
AT pASF7Tog A , fl—r<p<rand

AT _gp e ARrHA) g ABRTFE g At THA (r A0+ AT p— 1) log A

Tz 1/
fmax(r,1 —r) < p<1;

2(AT—1)2pAZ+e log A
2A{A%" 1)~ (A" +r+3Ar—1)A" log A
. (AT—1¥pAlog A '

ifp>1.

. ®» The channel gains are assumed to be independent com-
plex Gaussian random variables with zero mean and
variance o}, i.e., Ofg) ~ CN(0,5%,). This assumption
leads |a§:)| to be Rayleigh-distributed with parameter
of, /2. Although channel modeling for UWB systerns
is still an open issué, this hypothesis, appealing for its
analytical tractability, also provides a good approxima-
tion for multipath propagation in UWB systems {5].

e The averaged power delay profile (aPDP) is assumed
to decay exponentially, as is customarily taken in most
UWB channel models [6]. Hence, o}, = o} - AT,
where A = o7 /o2, and o} depends on the distance
between user k and the base station. It is easy to verify
that A = 0dB represents the case of flat aPDP.

Prop. 1 In the asymptotic case where K and N; are finite,
while L, No — oo, when adopting a PRake with Lp coeffi-
cients according to the MRC scheme, the terms ( ! and Yo, i
converge almost surely (a.s.) to

~tag K—1

GE = e, (14)
_ias 1

’YO,;; E"S'} N " U(A:T}p) H (15)

wherer £ Lp/L,0 < r < 1,andp 2 N./L, 0 < p < oo,
are held constant, and

’ _..r—l
p(ary = SO

Ar1 (16)

with v{A, 7, p) defined as in (17}, shown at the top of the
page.

The proof of Prop. 1 has been omitted because of space
Hmitation. Tt can be found in [7].

Proposition 1 gives accurale approximations for the terms
- of MAI and ST in the case of PRake receivers at the access
point and of exponentially decaying aPDP. Results for more
specific scenarios can be derived using particular values of A

and r, as shown in [7]. As an example, it is possible to obtain
approximations for the MAT and SI arising in the ARake as
follows: ‘

pa (8) = lim (87 = 1, (1)

V4 (Aﬁp) :E]:_IEV(A1 'l",p) =
2_ 14+ AP A2-p
2 (A + é& 2AplogA), itp< 1,
{(A=1)plogA
2 (A% —1—2AlogA) _
5 ifpz1
(A—1) plogh
(19;

3.2. Comments on the Results

Fig. 1 shows the shape of p (A, r) versus r for some values
of A. As can be noticed, u (A, r) is decreasing as either A or
r increases. Keeping r fixed, i (A, r} is a decreasing function
of A, since the neglected paths are weaker as A increases.
Keeping A fixed, p (A, r) is a decreasing function of r, since
the receiver uses a higher number of coefficients, thus beiter
mitigating the effect of MAIL

" Fig. 2 shows the shape of v (A, , p) versus r for some
values of A and p. As can be verified, v (A, r, p) decreases
as either p or A increases. This dependency of v (A, 7, p)
wit o is justified by the higher resistance to multipath due
to increasing the length of a single frame [2,4]. Similarly to
p{A,r), v (A, r, p)isadecreasing function of A when r and p
are fixed, since the neglected paths are weaker as A increases.
Taking into account the dependency of i/ (A, 7, p) wrtr, it can
be verified that & (A, 7, p) is not monotonically decreasing as
r increases. In other words, an ARake receiver using MRC
does not offer the optimum performance in mitigating the ef-
fect of SI, but it is outperformed by PRake receivers whose r
decreases as A increases. This behavior is due to using MRC,
which attempts to gather all the signal energy to maximize the
signal-to-noise ratio (SNR) and substantially ignores the SI.
Inthis scenario, a minimum mean square error (MMSE) com-
bining criterion, while more complex, might give a different
comparison.
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4. ANALYSIS OF THE NASH EQUILIBRIOM

4.1. Analytical Results

Using Prop. 1 in (9) and (12), it is straightforward to obtain
the utilities uj, at the Nash equilibrium, which are indepen-
dent of the channel realizations of the other users, and of SI:

D 17)
M e
T (K= Du (A7) +v (A7, 0)] /N).

u; a8 hchP)

x (1 — (20)

Note that (20) requires the knowledge of the channel realiza-
tion for user k. Analogously, {(13) translates into

K = Dp (A ) +v (A, p)] /N,

~ where [-] is the ceiling operator. If (21) does not hold, some
users will end up transmitting at maximum power p.

Ny = [¥ (1)

Prop. 2 In the asymptotic case where the hypotheses of Prop.
I hold, the loss ¥ = wy [up of a PRake receiver wrt an
ARake receiver in terms of achieved utilities converges a.s. to

N—F[(K - Dua(A) +va(A, p)]

P SR DA 45 (o, L,

where u i U5 the utility achieved by an ARake receiver.

The proof of Prop. 2 can be found in [7]. Equation (22)
also provides a system design criterion. Given L, N, Ny, K
and A, a desired loss ¥ can in fact be achieved using the ratio
r obtained by numerically inverting (22).

4.2. Simulation Results

Simulations are performed using the iterative algorithm de-
scribed in [2]. We assume that each packet contains 100b

Fig. 2. Shape of v (A, r, p) versus r for some A’s and p's.

of information and no overhead (i.e., D = M = 100). We
use the efficiency function f{v) = (1 — e~ 7*/2)™ a5 a rea-
sonable approximation to the PSR. Using M = 100, ¥° =
11.1dB. We also set B = 100kb/s, 62 = 5 x 10~ W, and
P = 1uW. To model the UWB scenario, the channel gains
are assumed as in Sect. 3, with o = 0.3d %, where dj, is the
distance between the kth user and the base-station. Distances
are assumed to be uniformly distributed between 3 and 20 m.

Fig. 3 shows the probability P, of having at least one user
transmitting at the maximum power, i.e., P, = P{max; p, =
P = L pW}, as a function of the number of frames Ny. We
consider 10 000 realizations of the channel gains, using a net-
work with K’ = 8 users, N, = 50, L. = 200 (thus p = 0.25),
and PRake recejvers with Lp = 20 coefficients (and thus
r = (.1). Note that the slope of F, increases as A increases.
This phenomenon is due to reducing the effects of neglected
path gains as A becomes higher, which, given N £, tesults in
having more homogeneous effects of neglected gains. Using
the parameters above in (21), the minimum value of N ¢ that
allows all K users to simultancously achieve the oplimum
SINRs is N = {21,9,6} for A = {0dB,10dB,20dB},
respectively. As can be seen, the analytical results closely
match with simulations. It is worth emphasize that (21) is
valid for both L and L p going to co, as stated in Prop. 1. In
this example, Lp = 20, which does not fulfill this hypoth-
esis. This explaias the slight mismaich between theoretical
and simulation results, especially for small A’s. However, the
authors have found showing numerical results for a feasible
system to be more interesting than simulating a network with
a very high number of PRake coefficients.

Fig 4'showsa comparison between analytical and numer-
ical achieved utilities versus the channel gains fy, = {|ou|*.
The network parameters ace K = 8, L = 200, N, = 50,
Ny =26, A = 10dB, p = 0.25. The markers correspond to
the 31mu1at10n results given by a single realization of the path
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Fig. 3. Probability of having at least one user iransmitting at
maximum power versus number of frames.

o

gains. Some values of the receiver coefficients are considered.
The solid line represents the theoretical achieved utility, com-
puted using (20} with r = 1. The dashed, the dash-dotted and
the dotted lines have been obtained by subtracting from (20)
the loss ¥, computed as in (22). Using the parameters above,
¥ = {1.34dB,2.94dB, 8.40dB} for r = {0.5,0.3,0.1}, re-
spectively. It is worth noting that such lines do not consider
the effective values of h;(csp}, as tequired in (20),% since they
make use of the asymptotic approximation (22). The analyti-
cal results closely match the actual performance of the PRake
receivers, especially recalling that the results are not aver-
‘aged, but only a single random scenario is considered. As
before, the larger the number of L p coefficients is, the smaller
the difference between theoretical analysis and simulations is.

5. CONCLUSION

In this paper, we have used a large system analysis to study
performance of PRake receivers using maximal ratio combin-
ing schemes when energy-efficient PC techniques are adopted.
We have considered a wireless data network in frequéncy-
selective environments, where the user terminals transmit IR-
UWRB signals to a common conceniration point, Assuming
the averaged power delay profile and the amplitude of the
path coefficients to be exponentially decaying and Rayleigh-
distributed, respectively, we have obtained a general charac-
terization for the terms due to self-interference and multiple
access interference. The expressions are dependent only on
the network parameters and the number of PRake coefficients.
A measure of the loss of PRake receivers with respect to the
ARake receiver has then been proposed which is completely
independent of the channel realizations. This theoretical ap-

2This is also valid for the case ARake, since 'hLSP} = hg.

—— 1= 1.0, theoretical
— —1=05, ¥ =124 40|
---- r=03, ¥ = 2.94 dB|
- 1=0,3, ¥ = 840 dB
0 r= t.0, simudated
- & r=05smulated k... . L. .-
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"o r={.1, smulated
K= 8, L=200,p=0.25,
N=1000, A=10dB
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Fig. 4. Achieved utility versus channel gain at the Nash equi-
librium for different ratios r.

proach may also serve as a criterion for network design, since
it is completely described by the network parameters.
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Abstract— This paper studies the performance of a wireless
data network using energy-efficient power control techniques
when different multiple aceess schemes, namely direct-sequence
code division multiple access (DS-CDMA) and impuise-radio
ultrawideband (IR-UWB), are considered. Due to the large
bandwidth of the systems, the multipath channel is assumed
to be frequency-selective. By making use of noncooperative
game-theoretic models and large-system analysis tools, explicit
expressions for the achieved utilities at the Nash equilibrium
are flerived in terms of the network parameters. A measure
of the loss of DS-CDMA. with respect to IR-UWB is proposed,
which proves substantial equivalence between the two schemes.
Simulation results are provided to validate the analysis.,

I. INTRODUCTION

The increasing demand for high-speed data services in
wireless networks calls for multiple access schemes with
efficient resource allocation and interference mitigation. Both
direct-sequence code division multiple access (DS-CDMA)
and impulse-radio ultrawideband (IR-UWB) are censidered to
be potential candidates for such next-generation high-speed
networks. Design of reliable systems must include transmitter
power control, which aims to allow each mobile terminal to
achieve the required quality of service at the uplink receiver
while minimizing power consumption. Scalable techniques
for energy-efficient power control can be derived using game
theory [1]-[3].

This paper compares the performance of game-theoretic
power confrol schemes in the uplink of an infrastructure
network using either DS-CDMA or IR-UWB as a multiple
access fechnique. The performance index here is represented
by the achicved utility at the Nash equilibrium, where utility
is defined as the ratio of the throughput to the transmit
power. Due o the large bandwidth occupancy [4], the channel
fading is assumed to be frequency-selective. Resorting to a
large-system analysis [3], systems with equal spreading factor
operating in a dense multipath environment are compared.
Both analytical and numerical resulis show that, even though
UWE-based networks always owtperform CDMA-based sys-
tems, the difference between achieved utilities is so slight that

‘equivalence in terms of energy efficiency can be assumed.

This research was supported in part by the U, S. Air Force Research
Laboratory under Cooperative Agreemient No. FA8750-06-1-0252, and in part
by the Network of Excellence in Wireless Communications NEWCOM of the
European Comumission FP6 under Contract No. 507325.

The remainder of the paper is organized as follows. The

.system model is described in Sect. II. Sect. III contains the
*main results of the proposed noncooperative power control

game. A comparison between the energy efficiency of the two
considered multiple access schemes is performed in Sect. IV,
where also simulation results are shown. Some conclusions
are drawn in Sect. V.

II. SysteEmM MODEL
A. IR-UWB Wireless Networks

We consider the uplink of a binary phase shift keying
(BPSK) random time-hopping (TH) IR-UWB system with
K users transmitting to a common concentration peint. The
transmitted signal from user &k is [5]

,kaT &
Sm) () = ! Z d(k}bfn)/N (We(t —nTy — BT,

n=—oc M
where w{f) is the transmitted UWB pulse with duration
T, and unit energy; py is the transmit power of user k; Ty
is the frame time; b(Ln)/N; ; € {~1,+1} is the information
symbol transmitted by user &; and N = Ny - N is the
processing gain, where Ny is the number of pulses represent-
ing one information symbel, and N, = Ty /T, denotes the
number of possible pulse positions in a frame. Throughout
this analysis, a system with polarity code randomization is
considered [6]. In ]Euartlcuiar., the polant code for user & is
dg = {dék),-u ,d _1} where the d s are independent
random variables takmg values £1 w1th probability 1/2. To
allow the channel to be shared by many users w1thout causing

catastrophic collisions, a TH sequence c; = {c1 o ,cgf}}
is assigned to each user, where ¢, (k) {0,1,--- , N, — 1} with
equal probability 1/N,.
Defining a sequence {s,(f)} as
(k) (k)
®y — JUnNays Cnynagow, = 7o L/Ne] - Ne,

sy = @

0, otherwise,

we can express (1) as

(k) (t /Pka Z

N=—0C0

k)b(k)

In/N| ww(t — ?’LTC} (3)
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It is worth noting that this system makes use of a ternary
sequence {—1,0, +1}, where also the elements are dependent,
duc to the TH sequence.

The transmission is assumed to be over frequency-selective
channels, with the channel for user & modeled as a tapped
delay line:

L
ck(t):Zagk)ﬁ(t“(l*l)Tcﬁﬁc): @

where L is the number of channel paths; o =
[agk), (k)]T and 7, are the fading coefficients and the
delay of user k, respectively. Considering a chip-synchronous
scenario, symbols are misaligned by an integer multiple of T
1% = ApTe, for every &, where Ay is uniformly distributed in
{0,1,..., N—1}. We also assume that channel characteristics
remain unchanged over several symbol intervals [51.

Due to the high resolution of UWB signals, multipath chan-
nels can have hundreds of multipath components, especially
in indoor environments. To mitigate the effect of multipath
fading as much as possible, we consider an access point where
K Rake receivers [7] are nsed.! The Rake receiver for user
k is in general composed of L coefﬁc;ents where the vector
Br = G-op = [B%,..., 8T represents the combining
weights for user k, and the L x L matrix G depends on the
type of Rake receiver employed.

The signal-to-interference-plus-noise ratio (SINR) of the
kth wser at the output of the Rake receiver can be well
approximated (for large Ny, typically at least 5) by [5]

h(sp)
Tk = ?
J?ék

where o2 is the variance of the additive white Gaussian
noise (AWGN); and the terms due to signal patt (SP), seif-
interference (SI), and muitiple access interference (MAI), are

&}

he? =gl - o )
1]j@- (BF  ax + AH - 8)|[
hLSI):ﬁ“ ( k ﬁg'akk ﬁk)” , (7)
[1BE - ol + lIAF - Bl + [ - i|
h(m):i k x} - k k& ¥
kj N ﬁf‘ak 3
(&)

respectively, where the matrices

o L o
0 ag@ agk)

Ar=1{ . N )
0 - 0 af{‘)
0 - - 0

IFor ease of calculation, perfect channel estimation is considered through-
out the paper.

SRR O

o g ﬁ"“)
B, = s (10}
0 0 ﬁg‘?)
0 - .. 0
. min{Z — {, N.}
(I’=d1ag{¢1,--',¢[‘“]_},aﬂd ¢I = -"““““““A‘r—-,
(11)

have been introduced for convenience of notation.

B. DS4éleA Wireless networks

In order to perform a fair comparison, the uplink of a
random DS-CDMA system with spreading factor N and K
users is considered. It can be noticed that (3) can represent
a DS-CDMA system with processing gain N by considering
the special case when Ty = T, (and thus N, = 1) [5]. As is
apparent from (2), using N, = 1 yields the elements of { s,(lk)}
to be binary independent and identical distributed (i.i.d.).

Hence, in- a dense frequency-selective multipath environ-
ment, the SINR of wuser k at the output of the Rake receiver
is also represented by (5), under the conditions N, = 1,
N=N f-

II1. THE NONCOOPERATIVE POWER CONTROL GAME

Consider now the application of noncooperative power
control technigues to the wireless networks described above.
Focusing on mobile terminals, where it is often more important
to maximize the number of bits transmitted per Joule of energy
consuméd than to maximize throughput, a game-theoretic
energy-efficient approach like the one described in [3] can
be considered.

A. Analysis of the Nash equilibrium

It is possible to formulate a noncooperative power control
game in which each user seeks to maximize its own util-
ity function. Let G = [K, {F:}, {ux(p)}] be the proposed
noncooperaiive game where X = {1,..., K} is the index
set for the users; Py = [pk,pk] is the strategy set, with p, -
and Py, denoting minimum and maximum power constramts
respectively: and u(p) is the payoff function for user k [2],
defined as

A

M Pk

where p = Ips,...,pK] is the vector of transmit powers; [J
and M are the number of information bits and the total number
of bits in a packet, respectively; Ry and v, are the transmission
rate and the SINR for the kth user, respectively; and f ()

up{p} = (12)

. 1s the efficiency function representing the packet success rate

(PSR}, 1.e., the probability that a packet is received without an
error. Throughout this analysis, we assume p, =0 and B P =7
forall k € K.

Provided that the efficiency function is increasing, S-shaped,
and continuousty differentiable, with f (0) = 0. f (+o0) =
1, and f{0) = df {v&) /dvelve=0 = O, the solution of the
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[ A(AP—1){4AZT43AP —1)-2A7HP(AT£3A—1)plog A e o< ) o
AT T AT Tog & , : if0< p<min{r,I —r) (19a)
AN —1){AP —1) =207 (SAr—p+ A" p) log A . _
(A1 AP log A ’ fr<p<l1l-—rand
r<1/2; (19b)
— 4A“+2”—4A'~’+P+A2(r+P>+4A2+2’+P+3A2+2f’—2A1+*+P(r+3Ap+Arp—1)1ogA 1
v{Ar,p)= < S I oA Tog A ifl-r<p<rand
r>1/2; (19¢)
A”+2” AATHP L AR AR Brte g ALt (r BA AT p—1) log A - _ .
AT T A e g K if max{r,1—7r) < p <1; (19d)
2A(A* 1) (A" +r+3Ar—1)A" log A .
\ v (A'—1)2pﬂiogA ? lfp 2 1 (196)

maximization problem max,, cp, ur(p) for k= 1,..., K is
(31 A ]
N e (Z#k hi; Pyt ”2) _
P, = min D) . Py (13)
hi " (1= % /vo.8)
where
(sP) (BH . a2
(Sl) H H 2
i 1@ (B - ou + AL B
and -y is the solution of
FORE A= %/vE) = £ (%) (15)

where f/(7%) = df () /dvk|y=+z- Since ~; depends only
on 7o, for convenience of notation a function I' (-} is defined
such that vi = I (vo,x) [31.

B. Large-System Analysis

As can be verified in (13), the amount of transmit power
oy reqmred to achieve the target SINR -5 will depend not
only on hk P), but also on the SI term h(Sl} (through o %) and
the MAI (through h(ml) ). To derive quantitative results for
the transmit powers mdependent of SI and MAI terms, it is
possible to resort to the large-system analysis described in {3].

For ease of calculation, the expressions derived in the
remainder of the paper consider the following assumptions:

» The channel gains are assumed to be independent com-
- plex Gaussian random variables w1t]1 zero means and
variances 0,% ,ie. ol ~ CNY0, o%,)- This assumption
leads ]a ] to be Rayleigh-distributed with parameter
of /2. Although channel modeling for wideband systems
is still an open issue, this hypothesis, appealing for its
analytical tractability, also provides a good approximation
for multipath propagation in UWB systems [8].

« The average power delay profile (aPDP) {9] is assumed to
decay exponentially, as.is customary used in many UWB
cha:mel modelts [4]. This translates into the hypothcs1s

o =0 A7 3%, where A = oz [of, and of depends
on the distance betwcen user k& and the access point,

» Partial-Rake (PRake) receivers with Lp fingers using

- maximal ratio combining (MRC) are implemented at the

access point. In other words, we consider G w0 be a
deterministic diagonal matrix, with

1, 1<i<r-L,

(16)
0, -elsewhere,

{Glu= {
where 7 £ Lp/L and 0 < + < 1. It is worth noting that,
when r = 1, an all-Rake (ARake) is implemented.

» As is typical in multiuser wideband systems, the number
of users is much smaller than the processing gain, i.e.,
N » K. This assumption can also be justified since the
analysis is performed for dense multipath environments,
as shown in the following.

« The maximum transmit power F is assumed to be suffi-
ciently large.

Under the above hypotheses, a large-system analysis can be

performed comsidering a dense multipath environment, with

L — oc. It turns out that the achieved utilities v}, at the Nash
equilibrivin converge almost surely (a.s.) to {3], [10]

. N
cag (so) D f(F(U(Arp)))
R
o (i)
T (o) =D (8, ) 42 (A, )]

N 1

an

where r £ Lp/L, with 0 <r<1; p 2 N,./L, with 0< p< co;

(A=At
IJ'.(AYT)_ AT 1 1

and v {A,r, p) is defined as in (192)-(19e), shown at the top
of the page. '

(18}

IV. PERFORMANCE COMPARISON
A. Analytical Results

The 1esults derived in the previous section aliow the perfor-
mance of IR-UWB and DS-CDMA systems to be compared
in terms of achieved utilities at the Nash equilibrium.

For an IR-UWB system, the utifity u}, can be evaluated
using (17). In the case of a DS-CDMA system, (17) can still
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Fig 1.

Shape of v {A, 7, p) versus v for some values of A and p.

give the utility u , provided that v (A, 7, p} is rcplaced with
vp {A, 1), defined as

A =+ AT —9 Al-i-r
A AT
This results is obtained letting p go to 0 in (19a). The proof,
omitted because of space limitation, can be derived using the
theorems presented in [10] with N, = 1.

Fig. 1 shows the shape of v (A,r,p) as a function of r
for some values of A and p. With a slight abuse of notation,
vy (A, 7) is teported as v (A, r,0) (iriangular markers), while
circles and square markers depict p = 0.25 and p = 1.0,
respectively. As can be noted, o (A, r) > v{A,r,p1) >
v (A, 7, pz) for any pe > py > 0. This result is justified by the
higher resistance to multipath due to increasing the length of a
single frame [3], [5]. Furthermore, keeping p fixed, v/ (A, 7, 0)
decreases both as A and as v increases. The first behavior
makes sense, since. the effect of multipath {and thus of S) is
higher in channels with lower A. The second behavior reflects
the fact that exploiting the diversity by adding a higher number
of fingess (and thus increasing r) results in beiter mitigating
the frequency-selective fading.

Proposition I: When L — oo, the loss & of a CDMA
system with respect to (wrt)} an IR-UWB scheme with N,
possible pulse positions converges a.s. to

vo (A, 7) = }Ji_i,‘% v(A,r,p)= (20}

® £ 10log;g(uf,, /ui,} =¥ (10logjge) - {dB] Q1)

where )
N T (i) - Av (8,7,0)
N-T (m) K = DA, )+ v (A, )]

(22)

‘with Av (A, 7, p} = vo (A, 1) — v (A, 1, p).
Proof: Recalling (15), it can be noted that the slope
of T'(yok) s very small for large values of 7. Using

TABLE {
LIST OF PARAMETERS USED IN THE SIMULATIONS.

M, total number of bits per packet 100b-
D, number of information bits per packet 100k
B = R, bit rate 100 kbis
o2, AWGN power at the receiver 5x 10" W
P, maximum power constraint 1 uW

the hypothesis ¥V >» K > .1, a good approximation for
T'(N/vo (A, 1)) is T (N/z (A, r, p)). Therefore, using {17),

up,  N-T (o )} (K = Du(h,n) +v (A, r )

Yky g
Y%e N-T (m) [ = D (A7) + vo (A, 7)]
: ‘ (23
S (24)
I-¢

with  defined as in (22). Recalling that N > 1, it is easy
to verify that ¢ < 1. Hence, using a first-order Taylor series
approximation, the result (21) is straightforward. ]

As already specified {see alse Fig. 1), Av (A, r,p) > 0
for any p > 0. Proposition 1 thus states that, using an equal
spreading factor in the same rriultipath scenario, any UWB
system outperforms the corresponding CDMA schemes.

Nevertheless, typical values of the network parameters yield
very small values of @, especially as N increases.” Hence,
using game-theoretic power control techniques, performance
of the two multiple access schemes is practically equivalent.

The validity of these claims is verified in the next subsection
using numerical simulations. '

B. Numerical Results

Simulations are performed using the iterative algorithm
described in detail in [3]. The systems we examine have the
design parameters Jisted in Table I. We use the efficiency func-
tion f () = (1 — e "/2)M a5 a reasonable approximation
to the PSR (2], [5]. To model the UWB scenario, the channel
gains are assumed as in Sect. III, with o} = 0.3d; %, where dj,
is the distance between user & and the access point. Distances
are assumed to be uniformly distributed between 3 and 30 m.

Fig. 2 shows a companson between analytical and simulated
normalized utilities uk/h‘Tc ¥} at the Nash equilibrivm as a
function of the spreading factor N. A network with X =
10 wsers is considered, while the aPDP is assumed o be
exponentially decaying with A = 20dB. The number of paths
is L = 200, thus-satisfying the large-system assumption.
Red '(ljght) and blue (dark) colors depict the cases ARake
{r = 1) and PRake (r = 0.2), respectively. Lines represent
theoretical results provided by (17). In particular, solid lines
show analytical values for DS-CDMA (N, = 1), while dashed
and dotted lines report the IR-UWB scenario, with N, = 10
and N, = b0, respectively. The markers show the stimulation
results averaged over 10000 network realizations. It can be

2As expected, larger spreading factors better mitigate muitipath effects.
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Fig. 2. Comparison of normalized utilities versus processing gain for DS-
CDMA and IR-UWB schemes.

seen that the anmalytical results perfectly match the actual
performance of systems. As expected, the performance loss of
DS-CDMA wrt IR-UWB is negligible (less than 1dB) when
compared with the normalized achieved utilities. Furthermore,
with N fixed, numerical results confirm that a higher r
‘provides smaller difference in performance between the two
multiple access schemes. Moreover, such loss decreases as
N increases, due to the inherent resistance to multipath, thus
smoothing the performance behavior. _

Similar considerations can be made when observing the
results shown in Fig. 3. The loss of a DS-CDMA wrt an
IR-UWB with N, = 50 is studied. The decay constant of
the channel is assumed to be A = 20dB. For the sake of
presentation, only analytical results are reported. Red (light)
and blue (dark) colors represent K = 10 and K = 20,
respectively. The solid lines depict the case ARake, while
the dashed lines show the case PRake (r = 0.2). The square
markers and the circles report the results with L = 200 and
L = 500 multiple paths, respectively. It can be seen that the
loss @ is always very small. In addition, it is worth noting
that, for both V and N, fixed, & decreases as L increases.
This can be justified since TR-UWB access scheme cannot
further mitigate the effects of denser and denser multipath in
a N-fixed scenario, and thus its behavior is more similar to
that of DS-CDMA systems. This statement is not in contrast
with the comments on Fig. 2, since the comparison would
be completely diffcrent if we considered IR-UWB with fixed
N and variable N,. In fact, if we choose N, such that
p is constant accordingly to the increasing L, ® remains
unchanged, as is apparent from (21).

V. CONCLUSION

In this paper, two multiple access schemes, namely DS-
CDMA and IR-UWB, have been compared in the context of
game-theoretic energy-efficient power conirol. We have used

0.20 — T

e K210
e K =20

— ARake {r=1.0}
=« PRake {r=0.2)

o L=200
Q L=500 .

i, =50 {(IR-UW&), A = 2046

Fig. 3. Performance loss of DS-CDMA wrt [R-UWE for different values of
the system: parameters.

a large-system analysis to study the performance of a wireless
data network using Rake receivers at the access point in a
frequency-selective fading channel. Considering systems with
equal spreading factor, a measure of the loss of DS-CDMA
scheme with respect to IR-UWB multiple access technique
has been derived which is dependent only on the network
parameters. Theoretical analysis, supported by experimental
resulis, shows that the considered multiple access schemes are
practically equivalent in terms of energy efficiency.

REFERENCES

[11 A. B. MacKenzie and S. B. Wicker, “Game theory in communications;
Motivation, explanation, and application to power control” in Proc.
IEEE Global Telecommun, Conf, San Antonio, TX, 2001, pp- 821-826.

[2] C. U. Saraydar, N. B. Mandayam and D. J. Goedman, “Efficient power
control via pricing in wireless data networks,” IEEE Trans. Commun.,
Vol. 50 (2), pp- 291-303, Feb. 2002.

3] G. Bacci, M. Luise, H. V. Poor and A. M. Tuline, “Energy-
efficient power confrol in impulse radic UWB wireless
networks,” preprint, Princeton University. [Osnline]. Available:
hétp://arxiv.org/pdffcs/07010E7.

4] A. F. Molisch, I. R. Foerster and M. Pendergrass, “Channel models for
vitrawideband personal area networks,” [EEE Wireless Commun., Vol.
10 {6), pp. 14-21, Dec. 2003.

8. Gegzici, H. Kobayashi, H. V. Poor and A. F. Molisch, “Performance

evaluation of lmpulse radio UWB systems with pulse-based polarity

randomization,” [EEE Trans. Signal Process., Vol. 53 (7), pp. 2537-

2549, Ful. 2005.

[6] Y.-P. Nakache and A. F. Molisch, “Spectral shape of UWB signals
influence of modulation format, muliiple’ access scheme, and puse
shape,” in Proc. IEEE Veh. Technol. Conf., Jeju, Korea, 2003, pp. 2510-
2514.

[7} 1. G. Proakis, Digifal Communicarions, 4th ed.  New Yerk, NY, USA:
MeGraw-Hill, 2001.

{8] U. G. Schuster and ' H. Baleskei, “Ultrawideband channel
modeling on the basis of information-theoretic criteria” IBEE
Trans, Wireless Commun., 2007, to appear. [Oniime]. Available:
http:/fwrww.nari.ee.ethz.ci/commth/pubs/p/schuster-tw06 .

{91 H. Hashemi, “The indoor radio propagation channel” Proc, IEEE, Vol.
81 (7), pp. 943-968, Jut. 1993.

[10] G. Bacci, M. Luise and H. V. Poor, “Performance of rake receivers in IR-
UWB _networks using energy-efficient power control,” preprint, Prince-
ton University. [Onlinie]. Available: hitp:/farxiv.org/pdf/cs/0701034.

(5

[k}

38




¢s/0701034v2 [cs.IT] 9 May 2007

.
-

arXiv

Performance of Rake Receivers in IR-UWB

Networks Using Energy-Efficient Power Control

Giacomo Bacci, Marco Luise and H. Vincent Poor

Abstract

This paper studies the performance of ﬁartial-Rake (PRake} receivers in impulse-radio ultrawideband wireless

networks when an energy-efficient power control scheme is adopted. Due to the large bandwidth of the system, the

multipath channel is assumed to be frequency-selective. By making use of noncooperative game-theoreﬁc models

and large-system analysis tools, explicit expressions are derived in terms of network parameters to measure the

-effects of self-interference and multiple-access interference at a receiving access point. Performance of the PRake

receivers is thus compared in terms of achieved utilities and loss to that of the all-Rake receiver. Simulation results

are provided to validate the analysis.

Index Terms

Energy-efficiency, impulse-radio, ultrawideband systems, Rake receivers, large-system analysis,

I. INTRODUCTION

Ultrawideband (UWB) technology is considered to be a potential candidate for next-generation nml-

tiuser data networks, due to its large spreading factor (which implies large multiuser capacity) and its

lower spectral density (which allows coexistence with incumbent systems in the same frequency bands).

The requirements for designing high-speed wireless data terminals include efficient resource allocation

and interference reduction. These issues aim to allow each user to achieve the require quality of service

(QoS) at the uplink receiver without causing unnecessary interference to other users in the system, and

minimizing power consumption. Energy-efficient power control techniques can be derived making use of
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game theory [1]-[6]. In [1], the authors provide motivations for using game theory to study power control
in communication systems and ad-hoc networks. In [2], power control is modeled as a noncooperative
game in which the users choose their transmit powers to maximize their utilities, defined as the ratio of
throughput to transmit power. In [3], [4], the authors use pricing to obtain a more efficient solution for
the power control game, while.the cross-layer problem of joint multiuser detection and power conirol is
studied in [5]. A game-theoretic approach for a UWB system is studied in [6], where the channel fading
is assumed to be frequency-selective, due to the large bandwidth occupancy [7]-[9].

This work extends the results of [6], where a theoretical method to analyze transmit powers and utilities
achieved in the uplink of an infrastructure network at the Nash equilibrium has been proposed. However,
explicit expressions have been derived in [6] only for all-Rake (ARake) receivers [10] at the access
point, under the assumption of a flat averaged power delay profile (aPDP) [11]. This paper considers
partial-Rake (PRake) receivers at the access point and makes milder hypotheses on the channel model.
Resorting to a large-system analysis, we obtain a general characterization of the effects of multiple access
interference (MAI) and self-interference (SI), which allows explicit expressions for the utilities achieved
at the Nash equilibrium to be derived. Furthermore, we obtain an approximation to the loss of the PRake
receivers with respect to (wrt) the ARake receivers in terms of energy-efficiency, which involves only
network parameters and receiver characteristics. Since this loss is independent of the channel realizations,
it can serve as a network design criterion.

The remainder of the paper is organized as follows. Some background for this work is given in Sect.
II, where the system model is described (Sect. II-A) and the results of the game-theoretic power control
approach_are shown (Sect. II-B). In Sect. TH, we use a large-system analysis to evaluate the effects of
the interference at the Nash equilibrium. Results are shown for the general case, as well as for some
particular scenarios (including the one proposed in [6]). Performance of the PRake receivers at the Nash
equilibrium is a.nalyzéd in Sect. IV, where also a comparison with simulation results is provided. Some

conclusions are drawn in Sect. V.

II. BACKGROUND
A. System Model

Commonly, impulse-radio (IR} systems, which transmit very short pulses with a low duty cycle, are
employed to implement UWB systems [12]. We focus on a binary phase shift keying (BPSK) time
hopping (TH) IR-UWB system with polarity randomization [13]. A network with K users transmitting

to a receiver at a common concentration point is considered. The processing gain of the system is assumed
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to be N = Ny - N, where Ny is the number of pulses that represent one information symbol, and N,
denotes the number of possible pulse positions in a frame [12]. The transmission is assumed to be over

Jrequency selective channels, with the channel for user k£ modeled as a tapped delay line:

L
a() =Y o8t — (1 - DT — ), (1)

=1
where T, is the duration of the transmitted UWB pulse, which is the minimum resolvable path interval;

L is the number of channel paths; a; = [a(k) .,acg“)]T and 7, are the fading coefficients and the
delay of user k, respectively. Considering a chip-synchronous scenario, the symbols are misaligned by
an integer multiple of the chip interval T, 7, = AT, for every k, where A is uniformly distributed
in {0, 1,‘. ..,N — 1}. In addition we assume that the channel characteristics remain unchanged over a
number of symbol intervals. This can be justified since the symbol duration in a typical application is
on the order of tens or hundreds of nanoseconds, and the coherence time of an indoor wireless channel
is on the order of tens of milliseconds.

Due to high resolution of UWB signals, multipath channels can have hundreds of multipath components,
especially in indoor environments. To mitigate the effect of multipath fading as much as possible, we
consider an access point where K Rake receivers [10] are used.! The Rake receiver for user & is in

| general composed of L coefficients, where the vector 3, = G- o = | {k), cie, g“)]T represents the
combining weights for user %, and the L x L matrix G depends on the type of Rake receiver employed.

In particular, if G is a deterministic diagonal matrix, with

1, 1<I<r-I,
{Ghu = 2
0, elsewhere,
where r £ Lp/L and 0 < Lp < L, a PRake with Lp fingers using maximal ratio combining (MRC) is
considered. It is worth noting that, when » = 1, an ARake is implemented.
The signal-to-interference-plus-noise ratio (SINR) of the kth user at the output of the Rake receiver

can be well approximated” by [14]
_ h(SP)
Ve = ; 3)

h(m)p + Z h(MAI P+ o*

J#k

'Since the focus of this work is on the interplay between power control and Rake receivers, perfect channel estimation is considered

throughout the paper for ease of calculation.
*This approximation is valid for large NV, ¢ (typically, at least 5).
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where o is the variance of the additive white Gaussian noise (AWGN) at the receiver, and the gains are

expressed by

and

where

and

hLSP) = ﬁf * Oy

1]|@- (B o+ AF -8

SI
Y =

h(m1)=i||BkH-aj||2+||A§"-ﬁkl

H
5k s 4"

3

P+ 188 oy
b

W.ON By -
[off af\
0 a_(,f“) ag“)
Ay = R
0 0 a:g“)
\ 0 0/
(6t o)
0 g® ®
B, = . : )
0 0o g
\ 0

® = diag {¢1, - .

0/

*3 ¢L—1} ’

 [min{L -1, N}
¢ = N

have been introduced for convenience of notation.

B. The Game-Theoretic Power Control Game

)

&)

(©)

7

®

(©)

(10)

Consider the application of noncooperative power control techniques to the wireless network described

above. Focusing on mobile terminals, where it is often more important to maximize the number of bits

transmitted per Joule of energy consumed than to maximize throughput, an energy-efficient approach like

the one described in [6] is considered.
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Game theory [1] is the natural framework for modeling and studying these interactions between users.
It is thus possible to consider a noncooperative power control game in which each user seeks to maximize
its own utility function as follows. Let G = [K, { P}, {ux(p)}] be the proposed noncooperative game
where L = {1,..., K} is the index set for the users; P, = [Ek,ﬁk] is the strategy set, with. p, and P

denoting minimum and maximum power constraints, respectively; and uy(p) is the payoff function for
user k [4], defined as

ug(p) = %kaézk),

where p = [py,...,Px] is the vector of transmit powers; D and M are the number of information bits

(11)

per packet and the total number of bits per packet, respectively; Ry, and ~, are the transmission rate
and the SINR (3) for the kth user, respectively; and f () is the efficiency function representing the
packet success rate (PSR), i.e., the probability that a packet is received without an error, Throughout this
analysis, we assume p,=0and p, =p forall k € K. 7

Provided that the efficiency function is increasing, S-shaped, and continuously differentiable, with
F(0) =0, f(+o0) =1, and f'(0) = df {v&) /dVk|~—0 = 0, it has been shown [6] that the solution of

the maximization problem max,, ep, ur(p) for k=1,..., K is

* MAI) -
T (Z#k h’gcj )Pj + ‘72)

P = min D7 (12)
R (1= 72 /v08)
where - . ,
Yok = h’;—m) =N H(ﬁ’“ : a’“)H ;1 13)
hy, |@ - (B - o + Af - B,)]
and v} is the solution of
T Q= v/vor) = F(37), (14)

where f'(v¢) = df (&) /dVk| =y - Since +; depends only on g4, for convenience of notation a function
T'() is defined such that 4§ == IT' (o). Fig. 1 shows the shape of 7f = I"(yo4), where the efficiency
function is taken to be f (y) = (1 — e"”k/z)M , with M = 100.

Assuming the typical case of multiuser UWB systems, where N > K, and also considering 7

sufficiently large, (12) can be reduced to [6]
1 o°T (Yox)

pp= . ~ e (15)
R 1-T (k) (g + G
where (71 =3 otk h%“) /hJ(;SP); and g is defined as in (13).
May 9, 2007 DRAFT

43




A necessary and sufficient condition for the Nash equilibrfum to be achieved simultaneously by all K
users, and thus for (15) to be valid, is [60]

Tivoe) (op+ G <1 VEeKk. (16)

As can be verified, the amount of transmit power p;, required to achieve the target SINR ~;; will depend
“not only on the gain A", but also on the SI term A" (through ~yo,4) and the interferers gy (through
Ck)-

II1. ANALYSIS OF THE INTERFERENCE

In order to derive some quantitative results for the achieved utilities and for the transmit powers
independent of SI and MAI terms, it is possible to resort to a large-system analysis.

Theorem I ({6]): Assume that -a,(:) are zero-mean random variables independent across %k and [, and
G is a deterministic diagonal matrix (thus implying that a:,(:) and ﬁﬁm) are dependent only when j = %
and m = I). In the asymptotic case where K and Ny are finite,® while L, N, — oo, with the ratio N,/L

approaching a constant, the terms ¢;* and Yo converge almost surely (a.s.) to

x_ (DycicyDy) + ¢ (DfCyCs7 DY)

1
G a7
N £ apyfy . aTy8
oo (o)
and
= i
. fim 22> 67> (L L+1-1)
-1 &8 L =1 i=1 18
’Yﬂ,k——)N 5 2 H ( )
(v (P20%))

where ¢; is defined as in (10); Df and D’g are diagonal matrices Whose elements are

(D%} = 4/ Var[a), (19)

and

(D%}, = /Var[8?), (20)

*In order for the analysis to be consistent, and also considering regulations by the US Federal Communications Commission {(FCC) [15],

it is worth noting that Ny could not be smaller than a certain threshold (Ny > B),
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with Var[| denoting the variance of a random variable; C¢ and C? are L x (L — 1) matrices whose

elements are

{C5hu = w, | 21
-and
{Clli= w; (22)
@ (-) is the matrix operator
@) = Jim L THC), 23)
with Tr(-) denoting the trace operator; and
0c (1 L +1— i) = {DF}{Df}rwss + {DEH{D s (24)

The proof of this theorem can be found in [6].

The results above can be applied to any kind of fading model, as long as the second-order statistics
are available. Furthermore, due to the symmetry of (17) and (18), it is easy to veﬂfy that the results are
independent o.f large-scale fading models. Hence, Theorem 1 applies to any kind of channel, which may
include both large- and small-scale statistics.

Channel modeling for IR-UWB systems is still an open issue. In fact, while there exists a commonly
agreed-on set of basic models for narrowband and wideband wireless channels [16], a similarly well
accepted UWB channel model does not seem to exist. Recently, two models, namely IEEE 802.15.3a
[8] and IEEE 802.15.4a [9], have been standardized to properly characterize the UWB environment.
However, for ease of calculation, the expressions derived in the remainder of the paper consider the
following simplifying assumptions:

« The channel gains are independent complex Gaussian random variables with zero means and vari-
ances o, ie, ag] ~ CN(0,0},). This assumption leads lag)l to be Rayleigh-distributed with
parameter o%, /2. Although both IEEE 802.15.3a and IEEE 802.15.4a models include some forms of .
‘Nakagami m distribution for the channel gains, the Rayleigh distribution, appealing for its analytical

© tractability, has recently been shown [17] to provide a good approximation for multipath propagation
in UWB systems.

| « Lately, a clustering phenomenon for the aPDP [11] in IR-UWB multipath channels has emerged
from a large number of UWB measurement campaigns [18], [19]. However, owing to the analytical

difficulties arising when considering such aspect, this work focuses on an exponentially decaying
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aPDP, as is customarily used in several UWB channel models [20], [21]. This translates into the
hypothesis

02 = o2 AEE | (25)
where

A= /a2, ' ’ (26)

and the variance o7 depends on the distance between user % and the-access point. Fig. 2 shows the
aPDP for some values of A versus the normalized excess delay, i.e., the ratio between the excess
delay, IT,, and the maximum excess delay considered, LT,. It is easy to verify that A = 0dB
represents the case of flat aPDP.

Using these hypotheses, the matrices D and D? can be expressed in terms of

{Dg}1 =0y - ATET .y [L ~ ] @7)
and
Dy =0 ATET g [r- [~ 1], 28)
where
1, n>=0,
uln] = (29)
0, n<O.

A. PRake with exponentially decaying aPDP

Prop. 1: In the asymptotic case where the hypotheses of Theorem 1 hold, when adopting a PRake

with Lp coeflicients according to the MRC scheme,

G I A, (30)
where
p(a, = B DA 6y
ahdréLp/L,0<’r51.
The proof can be found in App. A.
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~ Prop. 2: In the asymptotic case where the hypotheses of Theorem 1 hold, when adopting a PRake

with Lp coefficients according to the MRC scheme,

—1 @.5. l
S v (Ane), (32)

H

where p= N,/L,0< p<oo, 72 Lp/L,0<r <1, and

[ A(A?—1){4A%" 4347 —1) —2A"HP(A"+3A—1)plog A
2(AT—1)"pAltelog A ’

if 0 < p < min(r,1—r); (332)

A(4AP—1)( A2 —1)—2A7+P(3Ar—p+ATp) log A
AAT=1)2pAlFP log A o

if min{r,1 —r) < p <max{r,1 —7r) and r < 1/2; (33b)

—AAZFIT _gATE P AR AN I e gAZ 2P DA A(r BA P+ AT p—1) log A

VA= 2 g ’
if min{r,1 —r) < p < max(r,1—r) and r > 1/2; (33¢c)

_AZt2r _4A2+p+A2(r+p) S 4AZH2rEp —2A1+"+p(r+3Ap+A1“pA1) log A
2AT—1)"pA2+2 log A !

if max(r,1 —r)<p <1 (33d)

2A (A% —1)—(AT+r+3Ar—1)A log A
{A"—1)pAlog A L

if p> 1. (33¢)

The proof can be found in hpp. B.
Propositions 1 and 2 give accurate approximations for the MAIT and SI terms in the general case
of PRake receivers at the access point and of exponentially decaying aPDP. Furthermore, these results
confirm that the approximations are independent of large-scale fading models, as claimed in [6], since
they do not depend on the variance of the users.
It is also possible to obtain results for more specific scenarios using (30) and (32) with particular

values of A and v, as shown in the following subsections.

B. PRake with flat aPDP

The results presented above can be used to study the case of a channel model assuming flat aPDP. As
already mentioned, the flat aPDP model is captured when A = 1. In order to obtain expressions suitable

-for this case, it is sufficient to let A go to 1 in both (30) and (32). The former yields

. 1
lim (A7) = -, | (34)
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while the latter gives

( 2r242r—dpri-p?

2r2 ’
if 0 < p < min{r,1 —r); : (35a)
I {2— T
5 (“FB o ),
if min(r,1 —r) < p <max(r,1 ~r) and r < 1/2; (35b)
7'3+'r2(9p—3)+7'(3;9p:)+4p3—3p2+§p—1
Lim v (A7, 0) = S o ’
- ' ifmin(r,1 —7) < p <max(r,1 —7) and r > 1/2; (35¢)
4r3—3r243r+(p—1)8
6pr2 ’
if max(r,1 —-r) < p<1; (35d)
4r2—3r43
Gpr 2
\ ifp> 1. (35¢)

C. ARake with exponentially decaying aPDP

The results of Props. 1-2 can also describe the model of a wireless network using ARake receivers at
the access point. As noticed in Sect. II-A, an ARake receiver is a PRake receiver with r = 1. Letting r
go to 1 in (30) and (32), it is possible to obtain approximations for the MAI and SI terms in a multipath

channel with exponentially decaying aPDP as follows:

A (A) = EI_I'I%[J, (A: 'r) =1, (36)
2_ P _ A2 _
2(A 1—;—AA 1)12‘& : A2AplogA)1 it p<t,
Va (A: P) = lim v (A: T, P) = 2_ 7 _ N P08 (37)
71 2(A?—1—-2AlogA) i£p> 1.

(A —1)% plogA
It is worth noting that the result for p < 1 in (37) has been obtained by letting r — 1 in (33¢).

D, ARake with flat aPDP

The simplest case is represented by a wireless network using the ARake receivers at the access point,

where the channel is assumed to have a flat aPDP. This situation can be captured by simultaneouély
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letting both A and r go to 1 in (30) and (32). This approach gives

j{gr}’p (A,r) = .1’ : (38)

r—1

2, .

(P —3p+3), ifp<i,
Airr% v(A,rp)=¢3 (v ) ' (39
=T 2/(3p), ifp=>1.

As in (37), the result for p < 1 in (39) has been obtained by letting 7 — 1,A — 1 in (33c).

1t is worth noting that (38) and (39) coincide with the results obtained in [6] for the specific case of
ARake receivers and flat aPDP. |

E. Comments on the Resuits

This subsection contains some comments on the results provided by Props. 1-2, applied both to the
general case of the PRake receivers with an exponentially decaying aPDP and to its subcases.

Fig. 3 shows the shape of the term u (A, r), proportional to the MAI as in (30), versus the ratio r
for some values of A. The solid line represents A = 0dB, while the dashed and the dotted _line depict
A = 10dB and A = 20dB, respectively. As can be seen, 12 (A, r) decreases as either A or 7 increases.
Keeping r fixed, it makes sense that x (A, r) is a decreasing function of A, since the received power of
the other users is lower as A increases. Keeping A fixed, it makes sense that . (A,r) is a decreasing
function of r, since the receiver uses a higher number of coefficients, thus better mitigating the effect of
MAL Furthermore, it can be seen that, for an ARake, lim,_,; gt (A, ) = pa (A) = 1 irrespectively of A.

Fig. 4 shows the shape of the term v (A, r, p), proportional to the SI as in (32), versus the ratio
for some values of A and p. The solid line represents A = 0dB, while the dashed and the dotied line
depict A = 10dB and A = 20dB, respectively. The circles repres;ént p = 0.25, while the square markers
and the rhombi report the shape of v (A, r, p) for p = 1.0 and p = 4.0, respectively. As can be verified,
v (A,r, p) decreases as either p or A increases. This behavior of v (A, r, p) wrt p is justified by the higher
resistance to multipath due to increasing the number of possible positions and thus the length of a single
frame. This also agrees with the results of [6] and [14], where it has been shown that, for a fixed total
processing gain N, systems with higher N, outperform those with smaller N, due to higher mitigation
of SL Similarly to s (A,r), it makes sense that v (A,r,p) is a decreasing function of A when r and
p are fixed, since the neglected paths are weaker as A increases. Taking into account the behavior of
v (A,r, p) as a function of r, it can be verified, either analytically or graphically, that v (A, r, p) is not

monotonically decreasing as r increases. In other words, an ARake receiver using MRC does not offer the
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optimum performance in mitigating the effect of SI, but it is outperformed by the PRake receivers whose
7 decreases as A increases. This behavior is due to the fact that the receiver uses MRC, which attempts
to gather all the signal energy to maximize the signal-to-noise ratio (SNR) and substantially ignores the
cffects of SI [22]. In this scenario, a minimum mean square error (MMSE) combining criterion [23],

while more complex, might give a different comparison.

IV. ANALYSIS OF THE NASH EQUILIBRIUM

Making use of the analysis presented in the previous section, it is possible to study the performance
of the PRake receivers in terms of achieved utilities when the noncooperative power control techniques

described in Sect. II-B are adopted.

A. Analytical Resuits

Using Props. 1 and 2 in (11) and (15), it is straightforward to obtain the expressions for transmit powers
pj, and utilities uf achieved at the Nash equilibrium, which are independent of the channel realizations

of the other users, and of SI:

2 N
& (.8, 1 No°T' (U(A,T,p})
Pr — {SP) . N ) (40)
R N =T (s ) - [ = Das (M) v (A, )]
vee @ D N N =T () - [(6 = D (A7) +v (A, )]
w = by 3R £ (T S ) - ~ . (4D
T, No2T (D(Amp))
Note that (40)-(41) require knowledge of the channel realization for user % (through h}(ﬁsp))‘
Analogously, (16) translates into the system design parameter ’ '
N (K _ 1).“’ (A7 T) +v (Aa 7, P)
> I . 42
Nr2 [ (V(A,”r,p)) N, ’ 42)

where [-] is the ceiling operator.
Prop. 3: In the asymptotic case where the hypotheses of Theorem 1 hold, the loss T of a PRake

receiver wrt an ARake receiver in terms of achieved utilities converges a.s. to

N N N
P f (F (VA(A,p))) T (»(A,r,p)) AT (VA(A,p)) (K~ Dpa(h) +va (4, p)]
Ul ' N N N _ ’
b f (P (m)) r (m) N-T (m) (K —Dp A, ) +v{Ar,p)
(43)
where uj, is the utility achieved by an ARake receiver.
The proof can be found in App. C.
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Equation (43) also provides a system design criterion. Given L, N;, Ny, K and A, a desired loss ¥
can in fact be achieved using the ratio r obtained by numerically inverting (43). Unlike (40)-(41), this

result is independent of all channel realizations.

B. Simulation Results

- In this subsection, we show numerical results for the analysis presented in the previous subsection.
Simulations are performed using the iterative algorithm described in detail in [6]. The systems we examine
have the design parameters listed in Table 1. We use the efficiency function f () = (1 — e~ W/2}M ag
_ a reasonable approximation to the PSR [4], [14]. To model the UWB scenario, the channel gains are
assumed as in Sect. III, with o7 = 0.3d; 2, where dj, is the distance between the kth user and the access
point. Distances are assumed to be uniformly distributed between 3 and 20 m.

Fig. 5 shows the probability P, of having at least one user transmitting at the maximum power, i.e.,
P, = Pr{maxyps, = p = 1uW}, as a function of the number of frames N;. We consider 10000
realizations of the channel gains, using a network with K = 8 users, N, = 50, L = 200 (thus p = 0.25),
and PRake receivers with Lp = 20 coefficients (and thus r = 0.1). The solid line represents the case
A = 0dB, while the dashed and the dotted lines depict the cases A = 10dB and A = 20dB, respectively.
Note that the slope of F, increases as A increases. This phenomenon is due to reducing the effects of
neglected path gains as A becomes higher, which, given Ny, results in having more homogeneous efiects
of neglected gains. Using the parameters above in (42), the minimum value of Ny that allows all K
users to simultaneously achieve the optimum SINRs is Ny = {21,9,6} for A = {0dB, 10dB, 20dB},
respectively, As can be seen, the analytical results closely match those from simulations. It is worth
emphasizing that (42) is valid for both L and Lp going to oo, as stated in Props. 1-2. In this example,
Lp = 20, which does not fulfill this hypothesis. This explains the slight mismatch between theoretical
and simulation results, especially for small A’s. However, showing numerical results for a feasible system
is more interesting than simulating a network with a very high number of PRake coefficients.

Fig. 6 shows a comparison between analytical and numerical achieved utilities as a function of the
channel gains hy, = ||a||®. The network has the following parameters: K = 8, L = 200, N, = 50, Ny =
20, A = 10dB, p = 0.25. The markers correspond to the simulation results given by a single realization
of the path gains. Some values of the number of coefficients of the PRake receiver are considered. In
particular, the square markers report the results for the ARake (r = 1), while triangles, circles and rhombi
show the cases r = {0.5,0.3, 0.1}, respectively. The solid line represents the theoretical achieved utility,
computed using (41). The dashed, the dash-dotted and the dotted lines have been obtained by subtracting
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from (41) the loss ¥, computed as in (43). Using the parameters above, ¥ = {1.34dB, 2.94dB, 8.40 dB}
for r = {0.5,0.3,0.1}, respectively. As before, the larger the number of Lp coeflicients is, the smaller the
difference between theoretical analysis and simulations is. It is worth noting that the theoretical results
do not consider the actual values of hng), as required in (41),* since they make use of the asymptotic
approximation (43). As can be verified, the analytical results closely match the actual perfohnance of
the PRake reccivers, especially recalling that the results are not averaged. Only a single random channel

‘realization is in fact considered, bedause we want to emphasize that not only this approximation is accurate
on average, but also that the normalized mean square error (nmse) nmse (uj) = E{[(u}, /T — u}) /uz]*}
is considerably low, where E{-} denotes expectation; u} , and U are computed following (41) and (43),
respectively; and uj represénts the experimental utility at the Nash equilibrium. In fact, by averaging over
10 000 channel realizations using the same network parameters, nmse (u}) = {1.4x107%,5.9x 1073, 6.3 x
1072} for r = {0.5,0.3,0.1}, respectively, As a conclusion, this allows every network fulfilling the above
described hypotheses to be studied with the proposed tools. |

Fig. 7 shows the loss U versus the ratio r for some values of A and p. The network parameters are
set as follows: K = 8, Ny = 20, and L = 200. The solid, lines represent A = 0dB, while the dashed
lines depict A = 10dB. The circles represent N, = 50 (and thus p'= 0.25), while the square markers
report N, = 200 (and thus p = 1.0). As is obvious, ¥ is a decreasing function of r. Furthermore, ¥
is a decreasing function of A, since the received power associated to the paths neglected by the PRake
receiver is lower as A increases. Similarly, keeping the number of multiple paths L fixed, ¥ decreases
as p increases. This complies with theory [6], [14], since increasing the processing gain provides higher
robustness against multipath. As a consequence, a system with a lower p benefits more from a higher
number of fingers at the receiver than a system with a higher p does. Hence, when p is lower, a PRake
receiver performs worse, i.e., ¥ is higher. '

It is worth stating that the proposed analysis is mainly focused on energy efficiency. Hence, the
main performance index here is répresented by the achieved utility at the Nash equilibrium. However,
more traditional measures of performance such as SINR or bit error rate (BER) can be obtained using
the parameters derived here. In fact, typical target SINRs at the access point can be computed using
7k =T (N/v (A, r, p)), as derived in the previous sections. Similarly, the BER can be approximated by
Q (1/7%) [14], where Q(-) denotes the complementary cumulative distribution function of a standard

normal random variable.

*This is also valid for the case ARake, since h}psp) = hy.
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V. CONCLUSION

In this paper, we have a used a large-system analysis to study performance of PRake receivers using
maximal ratio combining when energy-efficient power control techniques are adopted. We have considered
a wireless data network in frequency-selective environments, where the user terminals transmit IR-UWB

“signals to a common concentration point, Assuming the averaged power delay profile and the amplitude
of the path coefficients to be exponentially decaying and Rayleigh-distributed, respectively, we have
obtained a general characterization for the terms due to multiple access interference and self-interference.
The expressions are dependent only on the network parameters and the number of PRake coefficients. A
measure of the loss of the PRake recéivers with respect to the ARake receiver has then been proposed
which is completely independent of the channel realizations. This theoretical approach may also serve

as a criterion for network design, since it is completely described by the network parameters.

APPENDIX
A. Proof of Prop. 1
To derive (30), we make use of the result (17) of Theorem 1. Using the hypotheses shown in Sect.
I, Df and D’,f are represented by (27) and (28), respectively.

Hence, focusing on the denominator of (17),

D“Dﬂ)—l' Ly DEDLY, = lim % TLA—%—- 2 A1 44
(p( k% _LEEOE;{ k ’“}l_Ll—{Eof; =% ArlogA “44)
Analogously,
' AT -1
opDP) = 42.
$ (DJ DJ) % Ar logA’ (45)
Using (7), (8) and (25), after some algebraic manipulation, we obtain
0'2 L m=—1 V
{CsC = - ( > AR Ju[L-1-1], (46)
m={+1
A ‘gH 0‘126 L m=1
{CiC =2 X A5 Jufl—-1-1, @47
m=i41
where u [-] is defined as in (29). The terms in the numerator of (17) thus translate into
L
H_ o 1 o H
¢ (D3cfc"Ds) = Jim - > {DgR{CiC] 1
I=1
2 arL-1 rL Y, VP 9
. Ok = _mol AT (AT - 1)
= lim I ATt AT =2 A (48)
L—oo [2? ; mgl;_l R 2 (log A)®
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and

L 2 2 rL L
1 03,07 -3 m—1
} BramaeHMBY _ 1- i) areldY 1 & -t —me1
@ (DfCSCsDY) = lim + > {DER{CSC My = Jim 2> AEE §) A~
=1 =1 m=Il+1
—1-2r (AT __ _ r r+1
_ oo AT = DA =27 AT, )
2(log A)
Using (44)-(45) and (48)-(49),
: H
0 o (DECiC DY) +o (DICSCIDE) 1 (a A 50
& N N N =N T A -1
" N v (Dj D} ) @ (DkDf) N AT

Using (50), the result (30) is straightforward.

B. Proof of Prop. 2

To derive (32), we make use of the result (18) of Theorem 1. Using the hypotheses shown in Sect. III,
Df and D‘Z are represented by (27) and (28), respectively. The denominator can be obtained following
the same steps as in App. A:

? (AT —1)°
DaD.@' — 4%, ] 51
((10 ( k k)) T Alr (10gA)2 ( )
Following (24),
(L, L+1—i)=0b- A5 wllg], (52)

where
wlhi=upL-I+urL—L+i-]]
+2u[rL —1-ulrL—L+i-1] (53)
has been introduced for convenience of notation.

In order to obtain explicit expressions for w [l, 4], it is convenient to split the range of r into the two

following cases.

» 7 < 1/2: taking into account all the possible values of [ and i,

4, fL-rl+1<i<L—-landl<I<rL—-L+4

1, eitherifléiﬁrLandlﬁlSl,

wllil=q orifrL<i<L-rLand1<I<rL, (54
orif L—rL+1<i<L—landrL—L+i+1<I<rL;

0, elsewhere.
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Substituting (24) and (54) in the numerator of (18) yields

42452 292(2L+l~—z)—

kg1
L—rL 1
L21-i-2 21 1— L2142 2f1f
— - 2 -
Z@ ZA ST DY
i=rL+1 I=1
L- Lol LA2A—i-2 2.! L4222 2[
2 _ -a—- P _ 1.- .
S S 3 Z #- Z A ;
i=L—rL+1 =1 i=L—rl+1 e L —L+i+1

« v > 1/2: taking into account all the possible values of [ and 4,
¢ .

4, eitherif L—rL+1<i<rLandl <I<rL-L+414,
orifrL+1<¢<L—-land 1<{<rL—L+73

1, eitherifi<i< L-—rLand1<I<1,

wl, i = ¢ .

orifL—rL+1<i<rLandrL—-L+i4+1<LI<1,

orifrb+1<i<L—-landrL—-L4+i+1<i<rL;

0, elsewhere,

\

Substituting (24) and (56) in the numerator of (18) yields

L—rL
o LA2l-—i—2 21 z
4Z¢ Z@i(l L= =2 ¢ ZA
rh-Lii L2l —i-2 L42i—i-2 2t
DR R VI D VS
j=L—rL+1 =1 i=L—~rL+1 I=rL—L+i+1
L-1 rL—L+% Lizlig 21 L-1 rL Linioios
P Y 8T e Y g B e
i=rL+1 i=rL+41 l=rL—L+i+1

In order to obtain (33a)-(33¢), the explicit values of ¢? must be used. From (9)-(10) follows
(L —14)/N,, eitherif NN<Land L—- N +1<i<L—1,
@ = orif N,>Land1<i< L1
1, if N,<Land1<i<L-N,

As in the case of 7, it is convenient to separate the range of p = N,/L in the following cases.
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« 0 p< min(r I—7): substituting (58) in (55) and (57), they both yield
_ AAT-1)(4A% 307 - 1) |
ot LIEI;Q 2 Z ¢ - Z G (b L+1- 2AP+2r+1p (log A) =
9A™ (A" + 3A — 1) plog A |
- 3 . (59)
| | 2A+2r+1 g (log A)
‘Making use of (18), (51) and (59), the results (32) and (33a) are straightforward.
o min(r,1 -7} < p <max(r,1 —r) and r < 1/2: substituting (58) in (55) yields
L-1 i
1 1 L AAT —1)(4AP 1)
—lim =) ¢ B L+1-4)= ,
on oo I2 ; & ; a ) 2AP+ 1) (log A)?
20 (3Ar — p+ ATp) log A
- 5 (60)
. 2007+ 5 (log A)
Making use of (18), (51) and (60), the results (32) and (33b) are straightforward. i
. min('r, 1— T‘) < p < ma.x(r, 1—r) and r > 1/2: substituting (58) in (57) yields
AN gA2te + A2(r+o) +4 A22r+p
2. = -
A2 — 2pPt™H (ATp 4+ 3Ap+ 7 — 1) log A
+ z . (6D
_ 2A% e, (log A)
Making use of (18), (51) and (61), the results (32) and (33c) are straightforward.
o max{r,1 —r)<p<1L: substituting (58) into (55) and (57), they both yield
—AZH2r _ gp2+p + A2('r-i—p) + AASFr+p
J_gl_r,%oﬁng Zak(l Ltl-d)= 2A2+2rtep (log A)®
_2p (N p+3Ap+r —T)logA 62)
2NFtop(logh)

Making use of (18), (51) and (62), the resulis (32) and (33d) are straightforward.
e p=N;/L2>1: substituting (58) into (55) and (57), they both yield -

1 1 5 B 2A (AT — 1) — (A" + 7+ 3Ar — 1) A"log A
ot [il_ngo Iz2 qu Z Ol L+i—i)= A2+ (log A)3 - (63)

Making use of (18), (51) and (63), the results (32) and (33¢) are straightforward.

C. Proof of Prop. 3

At the Nash equilibrium, the transmit power for user £ when using an ARake receiver at the access
point, p;,, can be obtained from (15):

g = i ) o’T (70,kA)
%47 he 1T (yop,)- (’YO_,;A + Ck—Al)’

(64)
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where the subscript A serves to emphasize that we are considering the case of an ARake, and where we
have used the fact that hisp) is equal to the channel gain hy, = aff - o = || ||*. Hence, (43) becomes
he  F(C(wk)) Tlyox) 1T (oka) - (o, + Gen)
A F(T (e Tk 1-T(ww) (or+G)
To show that ¥ converges a.s. to the non-random limit of (43), it is convenient to rewrite the ratio

P/ BT as

=

(65)

he _ OO (66)
AEP) 18 - o

1t is possible to prove [6] that

1

Laf ar 23 ¢ (DY) (67)
and, analogously,

1 a.s.

ZBE o ®¥ ¢ (DEDY) (63)

Taking into account (27),

2 L L
# (D)) = lim %ZA%

=1

A1
I
=% Rlogh’ ‘ (69)
Using (44), (66) and (69),
h .5,
(_SA;:) — f (A:T) ) (70)
hk

where p (A, r) is defined as in (31).
‘Making use of (30), (32), (36), (37) and (70), when the hypotheses of Theorem 1 hold, (65) converges
a.s. to (43).
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TABLE I

LIST OF PARAMETERS USED IN THE SIMULATIONS.

M, total number of bits per packet 100b
D, number of information bits per packet 100b
R, bit rate 100 kb/s
o®, AWGN power at the receiver 5x 1078w
P, maximum power constraint 1pW
12
T o

10 Pl

y#-T(x, ) [dB]
N

1 /
0
o 2 4 6 & 10 12 14 16 1B 20 22
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Fig. 1. Shape of «; as a function of o (M = 100).
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Fig. 2. Average power delay profile versus normalized excess delay.
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Abstract— This paper is focused on the cross-layer design
problem of joint multiuser detection and power contrel for
energy-efficiency optimization in a wireless data network through
a game-theoretic appreach. Buildiog on work of Meshkati, et al.,
wherein the tools of game-theory are used in order to achieve
energy-efficiency in a simple synchrenous code division multiple
access system, system asynchronism, the use of bandlimited chip-
pulses, and the multipath distortion induced by the wireless
channel are explicitly incorporated into the analysis. Several
non-cooperative games are proposed wherein users may vary
their transmit power and their uplink receiver in order to
maximize their utility, which is defined here as the ratio of
data throughput to transmit power. In particular, the case in
which a linear multiuser detector is adopted at the receiver is
considered first, and then, the more challenging case in which
non-linear decision feedback multiuser detectors are employed
is considered. The proposed games are shown to admit a
unique Nash equilibrium poeint, while simulation resunlfs show
the effectiveness of the proposed solutions, as well as that the
use of a decision-feedback multiuser receiver brings remarkable
performance improvements. Index Terms—Power control, non-
cooperative games, energy-efficiency, CDMA, Multipath fading.

[. INTRODUCTION

Game theory {1} is a branch of mathematics that has
been applied primarily to social science and economics to
study the interactions among several autonomous subjects
with contrasting interests. Recently, it has been discovered
that it can also be used for the design and analysis of
communication systems, mostly with application to resource
allocation algorithms [2], and, in particular, to power control
[3]. As examples, the reader is referred to [4], [5]. Here,
for a multiple access wireless data network, noncooperative
and cooperative games are introduced, wherein users choose
their transmit powers in order t0 maximize their own uiilities,
defined as the ratio of the throughput to transmit power. While
the above studies consider the issue of power control assuming
that a conventional matched filter is available at the receiver,
the recent paper [6] considers for the first time the problem

The research was supported in part‘by the U. 8. Air Force Research
Laboratory under Cooperative Agreement No. FA8750-06-1-0252 and by the
U. 5. Defense Advanced Research Projects Agency under Grant HRO01 1-06-
1-0052.

of joint linear receiver design and power control so as to
maximize the utility of each user. In particular, it is shown
here that the inclusion of receiver design in the considered
game brings remarkable advantages, and, also, results based
on the powerful large-system analysis are presented.

All of the cited studies, while laying the foundations of
the game-theoretic approach to utility maximization in wire-
less data networks, focus on a very simple model, ie. a
synchronous direct sequence code division multiple access
(DS/CDMA) channel subject to flat-fading. In this paper,
instead, we extend the game-theoretic framework to a more
practical and challenging scenario, namely we explicitly take
into account (a) the possible system asynchrony across users;
(b} the use of bandlimited chip-pulses; and (¢) the muitipath
distortion induced by the wireless propagation channel. Note
that in such a scenario intersymbol and interchip interference
arises, thus implying that the appealing mathematical rela-
tionships hetween the signal-to-interference plus noise ratio
(SINR) and the transmit power (as revealed in [6]) do not
hold any longer, and this makes system analysis much more
involved than it is for the case in which no self-interference
exists. A further conizribution of this paper is the consideration
of non-linear multiuser receivers. Indeed, while previous stud-
ies have considered the case in which either a matched filter
(see, e.g., [51) or a linear multinser detector [6] is adopted at
the uplink receiver, here we also consider the case in which
a non-linear decision feedback receiver is employed at the
receiver.

Notation: ()7 denotes transpose, while x and x denote linear
convolution and ordinary product, respectively.

II. PRELIMINARIES AND PROBLEM STATEMENT

Consider the uplink of an asynchronous DS/CDMA system
with K users, employing bandlimited chip pulses and oper-
ating over a frequency-selective fading channel. The received
signal at the access point (AP} may be written as'

oB=1 K
r(t) = 3> /Bebk(p)sp(t 7 — pTh) # cr(t) + w(t) . (1)
Lp=0 k=1

" IFar the sake of simplicity we assumne here a real signal model; however,
the extension to complex signals to account for I and Q components is trivial.
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In the above expression, B is the transmitted frame or packet

length, T} is the bit-interval duration, py and 73, > 0 denote

the ransmit power and timing offset of the k-th user, bi{p) €
{+1,~1} is the k-th user’s information symbol in the p-
th signaling interval (extension to modulations with a larger
cardinality is straightforward). Moreover, ¢ (1) is the impulse
response modeling the channel effects between the receiver
and the k-th user’s transmitter, while w(t) is the additive
noise term, which is assumed to be a zero-mean, Wide-
Sense Stationary (WSS) white Gaussian process with Power
Spectral Density (PSD) Ng/2. It is also assumed that the
channel coherence time exceeds the packet duration BT}, so
that the channel impulse responses cq{¢), . . ., cx—1(¢) may be
‘assumed to be time-invariant over each transmitted frame. As
to sf(t), it is the k-th user’s signature waveform and is written
N-1

as s3.{t) = z ﬁ;&n)hsrmc (t—nT.), with {8}

n=0

-user’s spreading sequence, N the processing gain, T, = T5/N
the chip interval, and hggpro(-)} a square-root raised cosine
waveform with roll-off factor o € [0, 1]. We assume here that
hsmro(t) is zero outside the interval {0,47,] and attains its
maximum value in ¢t =2T,.

The receiver front-cnd consists of a filter with impulse
response hgrrc(—t), followed by a sampler at rate M/T;
in our simulations we will assume that M = 2. Denoting by
y(¢) the signal at the output of the teceiver matched filter, it
‘can be easily shown that

70 ! the k-th

B—-1 K
9(O) = (0) +hsrro(-8) = 3 3 ViEhs(o)x
p=0 k=1 (2)

si(t — 7 — pTh) * cx(t) + w(t) * hspro(—1t),
h"“‘_‘\,f—"
n(t}

N-—-1
with Sk(t) = Sk (t) * hSRR_C( = Z ﬁfin)h}:{c(t - 'n,TC),

and hpo(t) = hSRRc(t) * hsrro(—t).

Denoting by hy (1) = s (t—7i)*ci(t) the effective signature
waveform for the k-th user in the p-th 31gnalmg mterval the
signal (2} can be expressed as

t

-1

> VPRbk(P)hi(t — pTh) +a(t). - 3)

k=1

b~
1l
=3

Notice that the waveform hy(t) is supported in the interval
i, 7 + Ty + T + 7T%), where T}, denotes the maximum
channel multipath delay spread over the K active users.
Assuming that 7 + T, < T}, the support of the waveform
- hx(t—pTy) is contained in the interval [pTy, (p+2)T, + 772,
thus implying that, for a system with processing gain larger
than 7, in the symbol interval I, = [pT}, (p + 2)T3] the
contribution from at most four symbeols for each user (i.e. the
p-th, the (p — 1)-th, the (p — 2)-th and the {p + 1)-th ones)
is observed. Accordingly, sampling the waveform y(2) at rate
M/T., the 2M N-dimensional vector y(p) collecting the data

samples of the interval 7, can be expressed as

K
y®) = Y Ve [be(p — Dhu, 2 + biep — Dby 1+
k=1
bi(P)hio + b (p + Lhg 1]+ n(p) .
(4)
In (4), the vector hy ; is 2M N-dimensional, and contains the
samples of the signature hy(t — (p + 1)T) coming from T,
while the’ vector n(p) contains the noise contribution, and
is a Gaussian random vector with covariance matrix M. We
assume that the data vector y{p) will be used in order to detect
the information symbols by (p), ba(p),. .., bx (D), ic. the p-th
epoch data symbols for all the users. '
Assume now that each mobile terminal is interested both
in having its data received with as small as possible error
probability at the AP, and in making optimal use of the energy

- stored in its battery. Obviously, these are conflicting goals,

since error-free reception may be achieved by increasing the
received SNR, i.e. by increasing the transmit power, which of
course comes at the expense of battery life. A useful approach
to quantify these conflicting goals is to define the utility of the
k-th user as the ratio of its throughput, defined as the number
of information bits that are received with no error it the unit
time, to its transmit power [4], [5], i.e.
up = T - 5
: Pr
Note thiat uy; is measured in bits/Youle. Denoting by R the
common raie of the network and assuming that each packet
of B bits contains I information bits and B — L overhead bits,
reserved, e.g., for channel estimation and/or parity checks, the
throughput T} can be expressed as

Ty = R% P | %)
wherein Py denotes the probability that a packet from the k-
th user is received error-free. In the considered DS/CDMA
setting, the term P depends formaily on a number of pa-
rameters such as the spreading codes of all the users, -their
transmit powers and their channel impulse responses; however,
& customary approach is to model the overall interference as a
Gaussian random process, and assume that Py is an increasing
function of the k-th user’s SINR ., which is a good model
for many practical scenarios.

For the case in which a linear receiver is used to detect the
data symbol bi(p), according, i.e., to the decision rule

be(p) = sign [dfy(;u)} : (M

_with ’5;@ (p) the estimate of b.(p) and dy, the 2N M -dimensional

vector representing the receive filter for user £, it is easily seen

10f course there are many other strategies to lower the data ersor prob-
ability, such as for example the use of error correcting codes, diversity
exploitation, and implementation of optimal reception techniques at the
receiver. Here, however, we are mainly interested in energy efficient data
transmission and power usage, so we assume that only the transmit power
and the receiver strategy can be varled 10 achieve energy efficiency.
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that for the case at hand the SINR -3, can be written as
i(df h0)?

- :
diMd+3 3 pi(dlhig? + prldf i)
itk j=—2 F#0 ®

The exact shape of Py(y:) depends not only on g, but
also on other factors such as the modulation and coding type.
However, in all cases of relevant interest, it is an increasing
function of -y with a sigmoidal shape, and converges to unity
as g — +o0; as an example, for binary phase-shifi-keying
(BPSK) modulation coupled w1th no. channel coding, it is
~ easily shown that

Pe(m) = [1- Q(\/ﬂ)]ﬁ ; ©)

with Q(-) the complementary cumulative distribution function
of a zero-mean random Gaussian variate with unit variance.
It should be noted however that substituting Eq. (9} into {6),
and, in fure, into (5), leads to a strong incongruence. Indeed,
for pp — 0, we have v — 0, but Py, converges to a small but
non-zero value (i.e. 2~F), thus implying that an unboundedly
large utility can be achieved by transmitting with zero power.
To circumvent this problem, a customary approach [5], {6] is
to replace Fj with an efficiency function, say fr{vx), whose
behavior should approximate as close as possible that of %,
except that for vy — 0 it is required that fi{yz). = o(y). The
function f(yx) = (1—-e~"*/2}8 is a widely accepted substitute
for the true probability of correct packet reception, and in the
following we will adopt this model. This efficiency function is
increasing and S-shaped, converges to unity as <y approaches
infinity, and has a continuous first order derivative?.
Summing up, substituting (6) into (5) and replacing the
probability P, with the above defined efficiency function, we
obtain the following expression for the k-th user’s utility:

L f{w)
B px

Tk =

=R- , Vk=1,... K. (10)

III. NON-COOPERATIVE GAMES WITH LINEAR RECEIVERS

In what follows we illustrate three different noncooperative
games wherein each user aims at maximizing its own utility
by varying its transmit power, and, possibly, its Hnear uplink
receiver, Formally, the considered game G can be described as
the wriplet G = [IC, {8k}, {ur}]. wherein K = {1,2,..., K}
is the set of active users participating in the game, uy is the
k-th user’s utility defined in eq. (10), and

Sk = [0, Py,max] x REVM | {n

is the set of possible actions (strategies) that user & can take.
It is seen that S is written as the Cartesian product of two
different sets, and indeed [0, Py max] is the range of available
transmit powers for the k-th user (note that Py .. is the
maximum allowed transmit power of user k), while R2VM
with R the real line, defines the set of all possible finear
recetve filters. :

3Note that we have omitted the subscript &, i.e. we have used the notation
flvx) in place of fi{;) since we assume that the efficiency function is the
same for all the users,

A. Power control with plain matched filter

We first consider the case in which Sy = [0, P max] and the -
uplink réteiver is a matched filter, i.e. we assume that each user
tunes its tiansmit power in order to maximize its own utility,
but the: uplmk receiver is a matched filter®. Consequently, the
k-th user’s SINR is expressed as

peflhsoll*

hi, thk 0+Zzpz(hkoh i.5) +Zpk(h'k ohi,i)?
iki=—2 j#£0
(12)

and the noncooperative game can be cast as the following
maximization problem

Ve =

maxug = max  up(pr)= max T(v(pe)) , (I3
S PLE[0,Px, max] PrE[0, Pr max] Dr
Yk =1,..., K. Now, the following result can be stated about

maximization (13).

Proposition 1: The ron-cooperative game defined in (13}
admits a unique Nash equilibrium point p, fork =1,..° K,
wherein pj, = min{px, Fx max}, with Py denoting rhe k th
user’s fraismit power such that the k-th user’s SINR -y, equals
Yr, Le. (_he_ unique solution of the equation

B
5. ok — by} = exp(v/2) - 1, (14)
Ok
with ak{:. Hhk,o”tl and
by = Z(hf,ohk,jy
J#0
Proof: The proof is omitted for brevity. |

In summary, Proposition 1 states that a Nash equilibrium
for the noncooperative game (13) always exists, and it can be
found with the following steps. First, the unique solution ¥
of the equation (14) is determined. Then, each user adjusts its
transmit power to dchieve its target SINR ;. These steps are
repeated until convergence is reached.

B. Pawer control and receiver design with no IST

Letus n,ow consider the case in which not only the transmit

. power, _but_.also the linear receiver can be tuned so as to

maximize utility for cach user; moreover, let us also impose the
condition that the receive filter be orthogonal to the subspace
spanned by ISL Denoting by OQp a 2NM x (2NM — 3)-
dimensional matrix containing in its columns a basis for the
orthogonal complement of the subspace spamned by the k-
th user’s ISL, i.e. by the vectors fg 5, Ry .y, and hy 1, we
assume that the decision rule to detect the symbol by (p) can

be written as

Bil(p) = sign [[ Oy ()] . as)

“Note that for an oversampling factor M > 1 a whitcning. transformation
would in principle be required prior to matched filtering; for the sake of
simplicity, however, noise whitening is not performed here,
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with o, a (2NM — 3)-dimensional vector. The k-th user’s
SINR is now written as

TOTh 2
Y= Pily O o) )

TLO MOLze + Y Y | pi(xf OFhy )
ik j=—2

" namely the k-th user’s transmit power appears only in the
numerator in the RHS of (16), thus implying that the relation

gp: = holds We now consider the following maximization
problem
| omax U = max uk(pk,mk) Vek=1,...,K. {7
S Pr. Lk

Given (10), the above maximization can be also written as

P ICA ) S (e o=
Pr,Tr Pr Pr Dr

. L.e. we can first take care of SINR maximization with respect

to linear receivers, and then focus on maximization of the
resulting utility with respect to transmit power. We now have
the following:
Proposition 2: Let M yyy denote the covariance matrix of the
vector Y(p). The non-cooperative game defined in (17} admits
a unique Nash equilibrium point (pf,xp), fork =1,.. K,
wherein

-1
- @ = A (OFMyyOL) Ofhwg is the unique (up
to a positive scaling factor) k-th user’s receive filter that
maximizes the SINR vy, in (16). Denote Yp = maXgy, Y-
- pi = min{Fx, Pemax ), With Dy the k-th user’s transmit
power such that the k-th user’s maximum SINR Vi, equals
¥, Le. the unique solution of the equation f(v) = vf'(v),

with f'(v) denoting the derivative of f(7).
Proof: The proof is omitted due to lack of space. Note however
that, due to the constraint that the receive filter is orthogonal
to the ISI contribution, the mathematical structure of the
maximization (17) is similar to that of the noncooperative
game proposed in [6], and the proof can thus be adapted from
there. |
- The ahove equilibrium can be reached according to the
following procedure. For a given set of users’ transmit powers,
the receiver filter coefficients can be set according to the

relation o}, = /Dy (O{M yyOk)_ Oghkjg; each user can
then tune its power so as to achieve the target SINR 7. These
steps are repeated until convergence is reached.

, (18)

C. Power control and unconsirained receiver design

Finally, we consider the case in which no constraint is
imposed on the receive filter, so that the k-th user’s SINR
is written as in Eq. (8). We now consider the following
maximization

f (max Ve(px, dk))

max u = max wg(pi, di) = max L ,
13

frig e Pk P
19y

¥k =1, ..., K, wherein the fact that the efficiency function
is non-decreasing has been exploited. Now, the maximization
of ;. with respect to dy, is trivial, since it is well known that
the linear receiver that maximizes STNR is the minimum mean
square error multiuser receiver. As a consequence, denoting by

dy, the maximizer of -y, we have

dy = \/ﬁMii‘,hk,o ; . (20)

let us denote by F.(px) the k-th user’s SINR with o), = d.
Maximizing the utility with respect to the transmit power
requires instead solving the equation

Felpe)) = £ (weloe )3 {oe )P 21)

with (-),"_;'(:lenoting first-order derivative with respect to py.
Now, (21}-appears {o be quite complicated and unmanageable.
Indeed,. note that letting Hy, = [hy, 2 hy 1 By 1} we have

Myy Myy@k) Qi +peH HT +prhgohi, , (22)

“with Qk the covariance matrix of the thermal noise and of

the multiuser interference for the k-th user, thus implying that-
. (pk) 1s expressed as

Pi(Bie o My (prc) b 0)

hig o Mygy (Pe)hao — pr (Rl o Mg (i) hk.o)?m
It is clear that Substituting (23) and its first-order derivative
into (21) and solving with respect to pi is quite complicated.
Accordingly, we have not been able in this case to formally
prove the existence of a Nash equilibrium point. However,
we have numerically evaluated the utility function and (21),
and we have found in every case considered that (21) admits
a unique solution and that the resulting game admits an
equilibrium point. We thus state the following conjecture.
Conjecture 1: The non-cooperative game defined in {19)
admits_a_unique Nash equilibrium point (pr. dp), for k =
i,..., _K,_wherein

- dy.is the linear MMSE receiver (see Eq. (20)), which

maximizes the SINR +yy in (8). Denote v, = maxg V.
- pp = min{pr, Py max}. With Dy, the unique solurwn of
Eq. (21).

Also in this case, the equilibrium can be reached through an
iterative procedure. For a given set of users’ transmit powers,
the receiver filter coefficients can be set equal to the MMSE
multiuser receiver; each user can then tune its power to py,
and these steps are repeated until convergence is reached.

Frlpe) =

IV. NON-COOGPERATIVE GAMES WITH
DECISION-FEEDBACK RECEIVERS

Consider now the case in which a non-linear decision
feedback. receiver is used at the receiver. We assume that
the users’are indexed according to a non-incteasing sorting
of their channel gains, i.e. we assume that ||k, ol > Mzl >

j|hK0|] We consider a serial interference cancellation
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(SIC) receiver wherein detection of the symbol from the k-
th user is made according to the following rule

0
bi(p) = sign {di | w(e) =D D VEbi(p + ik
j<ki=—2
24
Accordingly, if past decisions are correct, users that are
detected later enjoy a considerable reduction of multiple access
interference, and indeed the SINR for user k, under the
assumption of correcteness of past decisions, is written as

_ IACAIS
e ’

with G = dif Mdy, + > _pi{di h;1)? + > pe(df b ;) +

s i<k J#0
DI ICANE

>k i=—2

(25)

A. Power control and receiver design with no IS1

Replicating the path of the previous section, we start im-
posing the constraint that the receive filter be orthogonal to
the ISI subspace for each user, i.e. our decision rule is

. 0
bi(p) = sign |«fOF {y(r) - D> > /osbs(p + )by

j<ki=—2
) 2
and the k-th user SINR is
ToTh 2
_ Pk(wk i hio) ’ @7
Ok
with g = a:;fOfMOk:ck + ij(:ngofhj,lf +
i<k

1
Z Z pi(zlOf h; ;). Given receiver (26) and the SINR
gk i==2
expression (27), we consider here the problem of utility
maximization with respect to the transmit power, and receiver
VeCLOIS X1, ..., LK

ax L (% (pk,ﬂik))
Pi
The following result can be shown to held.

Proposition 3: Letr Jy be a matrix having as columns the
vectors in the set

{\/ﬁhm }t‘zl,...,K U {\/p_ihid}igk §=-2,-1,0

and define M, a‘gjk JL+ M ) ; The non-cooperative
game defined in (28) its a unique Nash equzlzbnum point
(i xp) for k=1,..., K, wherein
- ap = /oR(OF MkOk) 10T hyp is the unique k-th
user receive filter that maximizes the SINR vy given in
(27). Denote Vg = maxz, Y- .
~ pp = min{Pr, Py max }. with Py, the k-th user’s transmit
power such that the k-th user’s maximum SINR v}, equals

Ve=1,...,K. (28}

Pr .331:

SUniqueness here means up to a positive scaling factor.

¥, Le. the unigue solution of the équaﬁ'on F¥) =4 ()
with f'{y) the derivative of f(v).
Proof: The proof is omitted due to lack of space. |

B. Power control and unconstrained receiver design

Finally, we consider the case in which no constraint is
imposed on the receive filter, so that the k-th user’s SINR
is written as in (23), and the decision rule is given by (24).
We now consider the following maximization

f (ncltax ’Yk(Pk:dk))

1

max wy = max ug(pk, di) = max ,
Sk c pk, & Pr Pt
' ~ (29
Yk = 1,..., K. Now, denoting by d. the maximizer of -y, it

is easy to show that

di = oM hio ; (30)

let us denote by Ji(px) the k-th user's SINR as dj, = dy.
Maximizing the utility with respect to the transmit power
requires instead solving the equation

FOrdor)) = F (e (0e)) 71 (pr)px -

Now, (31) is formally equivalent to (21) and is quite com-
plicated to manage. Accordingly, the same considerations of
Section III.C apply here as well, and, supported by extensive
computer simulations, we conjecture the existence of a unique
Nash equilibrium. We thus have the following
Conjecture 2: The non-cooperative game defined in (29)
admits a unique Nash equilibrium point (p},dy), for k =
1,..., K; wherein
- dj is given by Eq. (30), which maximizes the user k SINR
Y in (25). Denote v, = maxqg, Yk-
- pp = min{Px, Pe,max}, with Dy the unique solution of
CEq. (31
Also in this case, the equilibrium can be reached through an
iterative procedure. For a given set of users’ transmit powers,
the receiver filter coefficients can be sel equal to the receiver
in (30); each user can then tune its power to P and these
steps are repeated until convergence is reached.

G

V. NUMERICAL RESULTS

We consider now an uplink DS/CDMA system with pro-
cessing gain N = 7, and assume that the packet length is
B = 120. Users may have random positions with a distance
from the AP ranging from 10m to 500m. The channel impuise
response &k (t) for the generic k-th user is assumed to be equal

1o c,:;(t) = Za’k eO(t — T 0}

such that Tk + 'rk ,¢ is uniformly distributed in [0, T}] and .
is a Rayleigh distributed random variate with mean equal to
dk te, with di, being the distance of user &k from the AP, and
[£1. i2, 5] = [0.5, 0.3, 0.2] . For the thermal noise level, we
take Np = 10"9W/Hz, while the maximum allowed power
Pr max is 25dB. We present here results of averaging over
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5000 independent realizations for the users locations, fading
channel coefficients and set of spreading codes.

Figs. 1 - 2 report the achieved average wiility (measured
in bits/Joule) and the average user transmit power for the
proposed non-cooperative games. As expected, the power
control game with matched filter at the receiver is the one
with the poorest performance, while the best performance
is attained by the non-linear decision-feedback receivers. It

"is seen that for K > N the average utility achieved by
the non-linear receivers is twice the average utility achieved
by the lnear receivers. Moreover, constrained receivers are
outperformed by unconstrained receivers, even though the gap
is not that large.

Fig. 3 reports the average fraction of users that transmit at
the maximum available power, i.e. the probability that a user
implementing a certain game is not able to achieve its target
SINR and ends up transmitting at its maximum power. As
expected, it is seen that the larger fraction corresponds to the
use of a matched filter at the receiver, while using non-linear
decision feedback receivers permits minimizing this fraction,
which, moreover, increases as the network load (i.e. number
of users) increases.

VI. CONCLUSIONS

In this paper we have considered the problem of utility
maximization in a wireless data network through the nse of
a game-theoretic approach. The cross-layer issue of multiuser
receiver design and power control for utility maximization has
been considered for the practical scenario of an asynchronous,
bandlimited and multipath distorted CDMA system. The case
in which a non-linear decision feedback detector is adopted has
been considered. First we have derived the non-linear decision
feedback receiver maximizing the utility for each user; then,
we have shown how the use of a non-linear multiuser receiver
provides significant performance gains, especiaily in the case
in which the number of users is close to or larger than the
system processing gain. Overall, it can be stated that game
theory is an atiractive mathematical tool that can be effectively
used for the design of utility-maximizing resource allocation
algorithms in wireless networks operating in practical scenar-
ios.
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Fig. 3. Average fraction of users transmitting at the maximum power versus
number of active users for the proposed nencooperative games.
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Abstract— This paper focuses on the issue of energy efficiency
in wireless data neiworks through a game theoretic approach.
The case considered is that in which each user is allowed to
vary its transmit power, spreading code, and uplink receiver in
order to maximize ifs own utility, which is here defined as the
ratio of data throughput to transmit power. In particular, the
case in which linear multiuser detectors are employed at the
receiver is treated first, and, then, the more challenging case
in whick non-linear decision feedback multiuser receivers are
adopted is addressed. It is shown that, for beth receivers, the
problem: at hand of utility maximization can be regarded as
a non-cooperative game, and it is proved that a unique Nash
equilibrium point exists. Simulation results show that significant
performance gains can be obtained through both non-linear
processing and spreading code optimization; in particular, for
systems with a number of users not farger than the processing

. gain, remarkable gains come from spreading cede optimization,

while, for overloaded systems, the largest gains come from

. the use of non-linear processing. In every case, however, the

non-cooperative games proposed here are shown to outperform
competing alternatives.

1. INTRODUCTION

Game theory [1] is a branch of mathematics that has been
applied primarily in economics and other social sciences to
study the interactions among several autonomous subjects with
contrasting interests. More recently, it has been discovered that
it can also be used for the design and analysis of communi-
cation systems, mostly with application to resource aflocation
algorithms [2], and, in particular, to power control [3]. As
examples, the reader is referred to {4], [S], [6]. Here, for
a multiple access wireless data network, noncocperative and
cooperative games are introdaced, wherein each user chooses
its transmit power in order to maximize its own utility, defined
as. the ratio of the throughput to transmit power. While the
above papers consider the issue of power control assuming that
a conventional matched fiiter is available at the receiver, the
recent paper [7] considers the problem of joint linear receiver
design and power control so as (0 maximize the utility of each
user. It is shown here that the inclusion of receiver design
in the considered game brings remarkable advantages, and,
also, results based on the powerful large-system analysis are

H. Vincent Poor
School of Engineering and Applied Science
Princeton University
Princeton, NJ, 08544, USA
Email: poor@pzinceton.edu

presented.

This paper is the first in this area that considers the cross-
layer issue of utility maximization with respect to the choice
of recejver, spreading code and transmit power. First of all,
we generalize the game considered in {7] by considering
also spreading code optimization. We show that iterative
algorithims, of the same kind proposed in [8], can be applied to
our scenario in order to improve the achieved Signal-to-Noise
plus Interference (SINR) of each user. We will show that the
newly considered noncooperative game admits a unique Nash
equilibrium and achieves remarkable gains with respect to the
performance levels attained by the solution proposed in {7].
Then, we consider the problem of utility maximization with
respect to transmit power and spreading code, for the case
in which a non-linear decision feedback receiver is used. We
thus propose two noncooperative games wherein first transmit
power is chosen so as to maximize utility, and, then, joint
spreading code optimization and power control is undertaken
for utility maximization. Qur results will show that remarkable
gains are granted by the use of spreading code optimization
when the number of users does not exceed the processing
gain (undersaturated region), while, for saturated s ystems, non-
linear interference cancellation, eventually coupled with code
optimization, provides the most significant gains.

The rest of this paper is organized as follows. The next
section’contains some preliminaries and the system model of
interest. Section I introduces a non-cooperative game for the
case in which linear receivers are employed, while in Section
IV we introduce two non-cooperative utility maximization
games for the case that a non-linear interference cancellation
receiver is adopted. In Section V we present and discuss the
results of some computer simulations that show the merits
of the proposed games and their advantages with respect
to competing alternatives. Finally, we give some concluding
remarks in Section VL

II. PRELIMINARIES AND PROBLEM STATEMENT

Consider the uplink of a K-user synchronous, single-cell,
direct-sequence code division multiple access (DS/CDMA)
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network with processing gain N and subject to flat fading.
After chip-matched filtering and sampling at the chip-rate, the
N-dimensional received data vector, say r, corresponding to
one symbol interval, can be written as

K
r=> Vhihbisi+n, ().
k=1

wherein p; is the transmit power of the k-th user!, b, €
{—1,1} is the information symbol of the k-th user, and hy, is
the real® channel gain between the k-th user’s transmitter and
the access point (AP); the actual value of by, depends on both
the distance of the k-th user’s terminal from the AP and the
channel fading fluctuations. The N-dimensional vector sy is
the spreading code of the k-th user; we assume that the entries
of sy, are real and that s] s = [fsx}? = 1, with (-)T denoting
transpose. Finally, 2 is the ambient noise vector, which we
assume to be a zero-mean white Gaussian random process with
* covariance matrix {(Np/2)Iy, with Iy the identity matrix of
order N. An alternative and compact representation of (1} is
given by

r=8SPY?Hb+n, 2)

wherein § = [sy, ..., sx] is the N x K-dimensional spreading
code mattix, P and H are K x K-dimensional diagonal
- matrices, whose diagonals are [py,...,pg] and [hy,. .., hgl,
tespectively, and, finally, & = [by,...,bg]T is the K-
dimensional vector of the data symbols.

- Assume now that each mobile terminal sends its data in
packets of M bits, and that it is interested both in having its
data received with as small as possible error probability at
the AP, and in making careful use of the energy stored in its
batiery. Obviously, these are conflicting goals, since error-free
-reception may be achieved by increasing the received SNR, i.e.
by increasing the transmit power, which of course comes at the
expense of battery life’. A useful approach to quantify these
conflicting goals is to define the utility of the k-th user as the
ratio of its throughput, defined as the number of information
bits that are received with no error in unit fime, to its transmit
power [4], [5], ie.
Ty
P
Note that uy is measured in bit/Joule, ie. it represents the
number of successful bit transmissions that can be made
for each Joule of energy drained from the battery. Denoting
by K the common rate of the network (extension to the
case in which cach user transmits with its own rate Ry is
quite simple) and assuming that each packet of M symbois

3

Up =

Mo simplify subsequent notation, we assume that the transmitted power
P subsumes also the gain of the transmit and receive antennas.

2We assume here, for simplicity, a real channel model; generalization to
practical channels, with I.and Q components, is straightforward.
~ Of course there are many other strategies to lower the data eeror prob-

abitity, such a5 for example the use of error cowrecting codes, diversity
exploitation, and implementation of optimal reception techniques at the
receiver. Here, however, we are mainly interested to energy efficient data
transmission and power usage, so we consider only the effects of varying the
transimit power, the receiver and the spreading code on energy efficiency.

contains L information symbols and M —~ L overhead symbols,
reserved, e.g., for channel estimation and/or parity checks, the,
throughput 7}, can be expressed as

T, = R%Pk )
wherein Py, denotes the the probability that a packet from the
k-th user is received error-free. In the considered DS/CDMA
setting, the term Py depends formally on a number of pa-
rameters such as the spreading codes of all the users and the
diagonal entries of the matrices P and H, as well as on the
strength of the used error correcting codes. However, a custom-
ary approach is to model the multiple access interference as a
Gaussian random process, and assume that P, is an increasing
function of the k-th user’s Signal-to-Interference plus Noise-
Ratio (S8INR) -y, which is naturally the case in many practical
situations,

Recall that, for the case in which a linear receiver is used
to detect.the data symbol b, according, i.e., to the decision
rule N )

br = sign [dﬁ’r] , (3)

with :’)\k the estimate of by and d;. the N-dimensional vector
representing the receive filter for the user k, it is easily seen
that the SINR -, can be written as

o = Pehe2(dy sp)2 ©
Aol + > pihi2(di s:)2
ik

Of related interest is also the mean square error (MSE) for the
user k, which, for a linear receiver, is defined as

MSE; = E { (bk _ dfr) 2} = 1+df Md, -2, /pehidl s |
7

wherein F{-} denotes statistical expectation and M =
(SH PHTST + 227 N) is the covariance matrix of the data. .

The eéxact shape of Py (yx) depends on factors such as the

-modulation and coding type. However, in ail cases of relevant

interest, it is an increasing function of -y, with a sigmoidal
shape, and converges to unity as Y& -+ +oo; as an example,
for binary phase-shift-keying (BPSK) modulation coupled with
no channel coding, it is easily shown that

Pole) = [1 - Q(v/2w)] ®

with () the complementary cumulative distribution function
of a zero-mean random Gaussian variate with unit variance.
A plot of (8) is shown in Fig. | for the case M = 100.

It should be noted that substituting (8) into (4), and, in
turn, into (3), leads to a strong incongruence. Indeed, for
Pr — 0, we have v, — 0, bt Py, converges to a small but
non-zero value (i.e. 2~#), thus implying that an unboundedly
lacge utility can be achieved by transmitting with zero power,
i.e. not transmitting at all and making blind guesses at the
receiver on what data were transmitted. To circumvent this-
problem; a customary approach {5}, [7] is to replace Py with

M
i
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an efficiency function, say fix{g), whose behavior should
approximate as close as possible that of P, except that for
6 — 0 it is requlred that fi(vz) = o(v). The function

Fflw) = (3 — e ™M is a widely accepted substitute for
the true probability of correct packet reception, and in the
following we will adopt this model*. This efficiency function is
increasing and S-shaped, converges to unity as -y, approaches
infinity, and has a continuous first order derivative, Note that
we have omitted the subscript “k", i.e. we have nsed the
notation f{y:) in place of fy(y:) since we assume that the
efficiency function is the same for all the users.

Summing up, substituting (4) into (3) and replacing the
probability Py with the above defined efficiency function, we
obtain the following expression for the k-th user’s utility:

L f(w)
—RM P

Now, based on the utility definition (9), many interesting
questions arise concerning how each user may maximize its
utility, and how this maximization affects utilities achieved by
other users. Likewise, it is natural to question what happens
in a non-cooperative sefting wherein each user autonomously
and selfishly tries to maximize its own utility, with no care
for other users utilities. In particular, in this latter situation,
is the system able to reach an equilibrium wherein no user is
interested in varying its parameters since each action it would
take would lead io a decrease in its own utility? Game theory
provides means to study these interactions and to provide some
useful and insightful answers to these questions.

Initially, game theory was applied in this context mainly as a
tool to study non-cooperative scenarios wherein mobile users
are allowed to vary their transmit power only (see {4], [5].
{61, for example) to maximize utility, and where conventional
matched filtering is used at the receiver. Recently, instbad, in
{7] such an approach has been extended to the cross layer
scenario in which each user may vary its power and its uplink
linear receiver, Le. the problem of joini linear multinser detec-
tion optimization and power control for utility maximization
has been tackled. In the following, we will go further by
considering the case of spreading code choice, power control
and linear receiver design for utility maximization: Moreover,
the case in which a parametric non-linear decision feedback
receiver is used will be considered, and new games wherein
optimization of this receiver, spreading code choice and power
control is performed jointly in order to maximize utlhty will
be proposed

Ve=1,...,K. )]

III. NON-COOPERATIVE GAMES WITH LINEAR RECEIVERS

We begin by considering a noncooperative game wherein
each user aims to maximizing its own ulility by varying
its spreading code, its transmit power, and its linear uplink
receiver. Formally, the proposed game G can be described as
the triplet G = [K, {8}, {ux}], wherein K = {1,2, .., K}

4See Fig. I fora comparison between the Probability P and the efficiency
function. .

P, and efficiancy tunction, Mei0g

Fig. 1. Comparison of probability of error- ffee packet reception and
efficiency function versus receive SINR and for packet size M = 100. Note
the S-shape of both functions.

is the set of active users participating in the game, wuy is the
k-th user’s utility defined in (), and

S =0, Pimax] x RY x RY (10)

is the set of possible actions (strategies) that user k can take.
It is seen that Sy, is written as the Cartesian product of three
different sets, and indeed [0, Pk max] is the range of available
transmit powers for the k-th user (note that P max 13 the
maximum allowed transmit power for user k), ™, with R the
real line, defines the set of all possible linear receive filters,
and, finally,

RN:{de’RN : de:I} ,

defines the set of the allowed spreading codes® for user k.
Before proceeding further, it is also convement to define the
concept of Nash equilibrium. Let

(31,32,...,SK)ES]_ X8 x ... .8k

denote a certain strategy K-tuple for the active users. The
point (s;, 52, . . ., 5k is a Nash equilibrium if for any user £,
we have

uk(sl,...,sk,...,s;{)zuk(sl,...,s};,...,s;{) s

Vs # s . Otherwise stated, at a Nash equilibrium, no user
can unilaterally improve its own uiility by taking a different
strategy. A fast reading of this definition might lead to think
that at Nash equilibrium uasers’ utilities achieve their maximum
values. Actually, this is not the case, since the existence
of a Nash equilibrium point does not imply that no other
strategy K -tuple does exist that can lead to an improvement
of the utilities of some users while not decreasing the utilities
of the remaining ones. These latter stralegies are usually

SHere we assume that the spreading codes have real entries; the problem
of utility maximization with reasonable complexity for the case of discrete-
valued entries is a challenging issue that will be considered in the future.
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said to be Pareto-optimal [1]. Otherwise stated, at a Nash
. equilibrium, each user, provided that the other users’ strategies
do not change, is not interested in changing its own strategy.
However, if some sort of cooperation would be available, users
might agree to simultancously switch to a different sirategy
K-tuple, so as to improve the utility of some, if not all,
active users. In this paper, we will focus on Nash equilibrium
poinis only, since they are the result of non-cooperative games.
Moreover, it can be shown, although this is not discussed here
due to lack of space, that, for the considered problem, the
 utilities achieved by Nash-equilibrium points are only slightly
smaller than those achieved on the Pareto-optimal frontier of
the game.
Summing up, the proposed noncooperative game can be cast
as the following maximization problem

max ug{pe,de, sx), YE=1,...,K. (11)

maxiuy =
Sk Pr O, 8

Given (9), the above maximization can be also written as

- F(ve(pr, di, sk)) k=1

geeo, KL (12)
pr, xS Pr

Moreover, since the efficiency function is monotone and non-
decreasing, we also have

k. Sk

f (mﬂx Vi (2, di, Sk))
mox LGy s8)) - \d
P P Pr Pic P
(i3)
i.e. we can first take care of SINR maximization with respect
to spreading codes and linear receivers, and then focus on
maxirmization of the resulting utility with respect to transmit
power.
With regard to this latter point, recall that, if a linear Min-
imum MSE (MMSE) receiver is used, the following relation
can be shown to hold [9] .

K K 1
TMSE = 3 MSE; = Z Fp
i=I =1

wherein TMSE is the total MSE. Otherwise stated, among
linear receivers, the MMSE receiver is the one that maxi-
mizes the SINR vector (y1,...,vk). Now assume that we
wish to minimize the MSE for each user by varying not
only the receiver, but also the spreading code. This problem
has been considered in [8], {10}, [11]; in particular, if we
let D = [di,...,dg] and denote by (-)* Moore-Penrose
pseudoinversion, it has been therein shown that the sum of
the MSE’s of all the users admits a unique global optimum,
and that the iterations

(14)

—1
di = \/pihs (SHPHTST + %IN) s Vi=1l,.. . K

+
85 = /Bihs (p,-hi?.DDT + ,u,-IN) d  Vi=1,. . . K
15
admit a unique stable fixed point that is the global minimizer

of the total MSE. In the above relations, u; should be set so

that ||s;{|: = 1. No details are given in (8] on how this could
be done.in an efficient way, so in the Appendix we outline a
procedure for efficiently finding the value of yu; ensuring the
fsdll = 1.

NoW,- itis natural to ask if minimization of the total MSE
with respéct to both linear receivers and spreading codes still
maximizés the user’s SINR’s. We can thus state the following
result. _

Lemma 1: Let S and D be the spreading code matrix and the

linear receiver matrix that joinitly achieve the global minimum
of the total MSE. Then, no strategy of spreading codes and
decoder can be found to increase the SINR of one or more
users without decreasing the SINR of at least one other user

Proof: If § and D are the global minimizers of the MSE,
then D contains the MMSE receivers rcsuitmg from the
spreading codes of S. Denote by {.%(S D)} the SINR

- values achieved by the matrices S and D. Assumc now

that there exists a spreading code matrix 8 £ § such that
(8", D) > (8, D), for at least one i € {1,..., K} and
(8%, D} » v;(8,D) for j # i. If this is the case, we
can make:an MMSE update and obtain the matrix D* of
the MMSE receivers corresponding to the codes in S*. For

always' yields a maximization of the STNR and a minimization
of the :MSE. We thus have v(S*,D*) > w(8,D), and
(8, D) > vi{(8, D), ¥j 1. Consequently, given relation
(14), we have

TMSE(S*, D*) < TMSE(S D),

which contradicts the starting assumptions that § and D are
the global minimizers of the MSE. u

. We are now ready to express our result on the non-

cooperative game for spreading code optimization, linear re-

ceiver design and power control.

Proposition 1: The non-cooperative game defined in (11)

admits a unique Nash equilibrivm point (py, dy,, s}), for k =

1,..., K, wherein

- 8 and dy; are the unique k-th user spreading code and

receive filter® resulting from iterations (15). Denote by
vi.+the corresponding SINR.

min{Pk, P max ). With pr the k-th user transmit

rower such that the k-th user maximum SINR v} equals
7. .e"‘the untque solution of the equation f(~) = v f'(v),
wn,.‘hr_‘ F' (v} the derivative of f(v).

Proof: The proof is a generalization of the one provided in [7]

and so is only briefly sketched here. Since 8 /8pr = &/ pr,

it is easily seen that each user’s utility is maximized if each

user is able to achieve the SINR #, that is the unique’

solution of the equation f(y) = vf'(y). By Lemma 1, running

iterations (15) until convergence is reached provides the set

of spreading codes and MMSE receivers that maximize the

SINRs for all the users. As a'consequence, the utility of

6Actally the finear receive filter is unique up to a positive scaling factor.
"Uniqueness of 7 is ensured by the fact that the efficiency function is
S-shaped [12].
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each user is maximized by adjusting transmit powers so that
the optimized (with respect to spreading codes and linear
receivers) SINRs equai 7.

So far, we have shown how to set the transmit power,
spreading code and receiver design to maximize utility at
the Nash equilibrium. It remains to be shown that a Nash
equilibrium exists. Luckily, we can use the same arguments of
[5] and state that a unique Nash equilibrium point exists since
each user’s utility function is quasi-concave® in the transmit
power py and since the efficiency function is S-shaped. @

1V. NON-COOPERATIVE GAMES WITH NONLINEAR
DECISION-FEEDBACK RECEIVERS

Consider now the case in which a non-linear decision
feedback receiver is used at the receiver. We assume that the
users are indexed according to a non-increasing sorting of
their channel gains, i.e. we assume that by > kg > ... hk.
We consider a serial interference cancellation (SIC) receiver
wherein detection of the symbol from the k-th user is made
according to the following rule

by = sign {df | 7~ > \/Brhibss; (16)
J<k
Otherwise stated, when detecting a certain symbol, the contri-
bution from the data symbols that have been aiready detected is
subiracted from the received data. If past decisions are correct,
users that are detected later enjoy a considerable reduction of
multiple access interference, and indeed the SINR for user
k, under the assumption of correcteness of past decisions, is
written as
pkhk2(d£8k)2
o= . an
el + ijhﬂ(dk ;)2
>k

A considerable amount of literature exists on decision feed-
back rececivers, and many detectors of this kind have been
proposed and analyzed. Here, our goal is just to show that non-
linear receivers coupled with spreading code optimization and
power control can bring remarkable performance advantages
with respect to linear receivers. As a consequence, we consider
only the decision rule (16) and introduce nencooperative
games built on that, with no further optimization. As an
example, receiver (16) might be optimized with respect to
the users’ detection order, or by using properly distorted
versions of the signal to be subtracted; these issues will not
be considered here due to lack of space. s

Now, given receiver (16) and the SINR expression (17},
we consider the problems of utility maximization with respect
to the transmit power, spreading code choice, and receivers
ds,...,dg. To begin with, let us neglect spreading code
optimization and consider the problem

e L e de)) k=
pe. i, Pr

1,.. K. (18)

% A function is guasi-concave if there exists a point below which the function
is nondecreasing, and above which the function is nonincreasing.

The following result can be shown to hold.
Proposition 2: Define S, = [sg,....s55] Pp =
diag(pr, ..., px) and Hy = diag(hy,...,hi). The non-
cooperative game defined in (18) admits a unique Nash
equilibrium point (pf,, d;), for k=1,.. , K, wherein
- d;; = \/ﬁhk(SkaPngS{ - %QIN)_ls;c is the
unique k-th user receive filter® that maximize the user
k SINR i given in (17). Denote v}, = maxg, Ye-
- pip = min{Pg, Pk max}, with px the k-th user transmit
power such that the k-th user maximum SINR [ equals
¥, i.e. the unique solution of the equation f(v)= vf (v},
with f'(7y) the derivative of f(v).
Proof: The proof is omitted here due to lack of space. It can
be constructed along the same lines as that of Proposition 1.
u

Consider, finally, the maximization

max Flye(ow, di, s1)) ',

Vk=1,...
ﬁkgdk',Sk Pk

VK. (19)
Thie éxistence and uniqueness of a Nash equilibrium for this
game is guaranteed by the following result.
Proposition 3: Define Dy, = |[di,....ds] The non-
cooperative game defined in (19) admits a unique Nash
equilibrium point (pf, s5,d), for k= 1,.. ., K, wherein
- dy, and s}, are the unique stable fixed points of the iter-

TGT 4 N -t
 ations dy = \/Bihi (ScHePLHESE + %5 1n) s

i
and s, = /Prhx (pkhkwkpg +udy) de Yk =
L,..., K and with p, such that {|si|| = 1. Denote by ¢
the k-th user’s SINR resulting from the choices sy = s},
and dk = d;;

- pi = min{Pr, Fi max}, with Py, the k-th user transmit
power such that the k-th user maximum SINR ~y} equals
7, i.e. the unique solution of the equation f{v) = vf/{~),
with: f'(«y) the derivative of f{v).
Proof: The proof is omitted here due to lack of space. -
o V. NUMERICAL RESULTS
In.this:section we illustrate some simulation results that
give .ingight into the performance of the proposed non-
cooperative games. We contrast here the performance of the
noncooperative game discussed in 7] with that of the games
proposed here. We consider an uplink DS/CDMA system with
processing gain N = 7, and assume that the packet length is

M = 120. for this value of M the equation f{7y) = vf'(v)

can be shown to admit the solution ¥ = 6.680 = 8.25dB.

A single-cell system is considered, wherein users may have

random positions with a distance from the AP ranging from

10m to 500m. The channel coefficient ko, for the generic k-th
user is assumed o be Rayleigh distributed with mean equal to

d.?, with d;, being the distance of user & from the APY®. We

*Uniqueness here means up 1o a positive scaling factor.

1"Note that we are here assuming that the power path losses are proportional
to the fourth power of the path length, which is reasonable in urban celiular
environmenis.
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Fig. 2.  Achieved average utility versus number of active users for.the
proposed foncooperative games and for the game in reference [7]. The system
processing gain is N = 7.
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Fig. 3. Average transmit power versus number of active users for the
proposed noncooperative games and for the game in reference [7]. The system
processing gain is N = 7,

take the ambient noise level to be Ny = 10~*W/Hz, while
the maximum allowed power Py pmax is 25dB. We present
the results of averaging over 104 independent realizations for
the users locations, fading channel coefficients and starting
set of spreading codes. More precisely, for each iteration we
randomly generate an N x K-dimensional spreading code
matrix with entries in the set { —1/v/N,1/+/N }; this matrix
is then used as the starting point for the games that include
spreading code optimization, and as the spreading code matrix
for the games that do not perform spreading code optimization.

Figures 2 - 4 report the achieved average utifity (measured
in bits/Joule), the average user transmit power and the average
achieved SINR at the receiver output for the game in [7] and
for the three non-cooperative games considered in this paper.
Inspecting the curves, the following conclusions can be drawn.
First of all, it is seen that all of the proposed games outperform
the one proposed in [7]: of course this result can be easily
justified by noting that the proposed games can iake advantage

of the optimization of the spreading codes and of the superior
performance that non-linear recejvers provide over linear ones.
As an example, it is seen that for a system with K =N =7
the game with SIC/MMSE plus spreading code optimization
achieves a utility that is more than 3 times larger than that
achieved by the game in [7] and with a simultaneous average
transmit power saving of almost 3dB.

For K < N, a very substantial performance gain can be
obtained by resorting to spreading code optimization; indeed,
when K < N, users can be given orthogonal spreading
codes, so that the multiaccess channel reduces to a superpo-
sition of . K separate single-user AWGN channels. Gbviously,
in this sntuauon the spreading code optimization algorithms
converge to a sel of orthogonal codes, and this explains
the performance gains reported in the figures. Interestingly,
for K < N the performance of the linear MMSE and of
the SIC/MMSE receivers with spreading code optimization
coincide: this is an indirect confirmation that in this case the
steady-state spreading codes are orthogonal, since in this case
no distinction occurs between the SIC/MMSE receiver and
the linear one. In the oversaturated region (ie. for K > N),
instead, the merits of the non-linear SIC/MMSE can be clearly
seen. Indeed, in this situation the spreading codes, whether
optimized or not, are linearly dependent, and this leads to
a severe performance degradation for any linear processing,
In this region SIC/MMSE plus spreading code optimization
is thus the best option, followed by SIC/MMSE with no
spreading code optimization. Note that there is a crossing
around K = 11 between the performance of the MMSE
receiver with spreading code optimization and that of the
SIC/MMSE with no spreading code optimization, revealing
that for lightly loaded systems much can be gained through
spreading code optimization, while for heavily loaded systems
the most mgmﬁcant gains come from the-use of non-linear
processing. It is also seen from Fig. 4 that receivers achieve on
the average an output SINR that is smaller than the target SINR
7¥: indeed, due to fading and distance path losses, achieving
the target SINR would require for some users a transmit power
larger than the maximum allowed power Py, max. and so these
users are not able to achieve the optimal target SINR. As a
confirmation of this, in Fig. 5 we report the fraction of users
transmitting at the maximum power: it is seen here that even
for the SIC/MMSE receiver with spreading code optimization
this fraction is larger than 0.1.

VI. CONCLUSION

In this paper the cross-layer issue of joint power control,
spreading code optimization and receiver design for wircless
data networks has been addressed using a game-theoretic
framework. Building on [7], we have proposed a more general
framework wherein also spreading code optimization and non-
linear decnston feedback multivser receivers can be used to
fucther increase the energy efficiency of CDMA-based wireless
networks. It has been shown that spreading code optimization
in non—overloaded system, and non-linear reception techniques
in overloaded systems, bring remarkable performance gains.
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Fig. 4. Achieved average output SINR versus number of active users for
the proposed noncooperative games and for the game in reference [7]. The
system processing gain is N = 7.
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Fig. 5. Average fraction of users transmitting at their maximum allowed
power versus number of active users for the proposed noncooperative games
and for the game in reference [7]. The system processing gain is N = 7.

The authors” current research is focused on the development
and the analysis of adaptive algorithms able to implement the
said games without prior knowledge of the fading channel
coefficients.

ACKNOWLEDGMENT

This research in this paper was supported by the Italian
National Research Council (CNR), by the . S. Air Force Re-
search Laboratory under Cooperative Agreement No. FA8750-
06-1-0252, and by the U. S. Defense Advanced Research
Projects Agency under Grant No. HR0011-06-1-0052. The
authors wish to thank Dr. Husheng Li for insightful comments
on a preliminary version of this paper.

APPENDIX

Given the relation

+
sp = _\/P_khk (pkthDDT + ,uka) dy, 20}

we show here how to choose the constant uy so that ||sef] =
1. Let UAU” be the cigendecomposition of the matrix
‘pkthDDT. Obviously, U is an orthonormal matrix whose
columns are the eigenvectors of pphi2D DT, and A is the
corresponding diagonal eigenvalue matrix. Note that some of
these eigenvalue will be zero for K < N. Now, letting wu; and
A; denoterthe i-th column of I/ and the i-th diagonal element
of A, reipectively, and '

v 1 .
L i if Ay + it
2 k) = § it st 7 @
. A+ pe =0,
it is easy to show that (20) can be rewritten as
. N
s = \/sz 2(As, g )usud dy, . (22)

i=1

From (22) it is seen that, as px — +oo, |skll — 0, thus
unplying that there exists a finite constant J, such that
Isell < 1 for any pp > Qu. Now, let A, = min; A; (note
that A, may be 0 if K < N or in general if DD7 is not of
full rank). I€'is easy to show that, as yg — AF, |8kl — +oc.
Accordingly, there exists a finite constant ¢ > A, such that
llsell > 1 for pi €]Am, Q. Since |[syfi is monotonically
decreasing for px € [Qq, Q..] and since ||sx|| > 1 for py, = Q,
and [[sg|| < 1 for py = Q. there exists just one value of yy,
say py..sueh that ||sg|| = 1 for ux = pi. The value of u} can
be foundiusing standard methods.
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Abstract— Power control is a fundamental task accomplished
in any wireless cellular network; its aim is to set the transmit
power of any mobile terminal, so that each user is able to
achieve its own target SINR. While conventional power control
algorithms require knewledge of a number of parameters of
the signal of interest and of the multiaccess interference, in
this paper it is shown that in a large CDMA system much of
this information can be dispensed with, and effective distributed
power control algerithms may be implemented with very little
information on the user of interest. An uplink CDMA system
subject to flat fading is considered with a focus on the cases in
which a linear MMSE receiver and a non-linear MMSE serial
interference cancellation receiver are adepted; for the Iatter
case new formulas are also given for the system SINR in the
farge system asymptoie. Experimental results show an excellent
agreement between the performance and the power profile of the
proposed distributed algorithms and that of conventional enes
that require much greater prier knowledge.

I. INTRODUCTION

In multiuser wireless communication systems, mobile users
vary their transmit powers so as to counteract channel gain
variations and achieve their target Signal-to-Interference plus
Noise Ratios (SINRs); this task is usually referred to as power
control [1]. In code division multiple access (CDMA) wireless
systems, power control, possibly coupled with the use of
multiuser detectors, is thus used in the uplink to combat the
near-far effect, o manage interference levels, and to minimize
the overall power radiated by the systern. A considerable
amount of work has been done on power control algorithms
for cellelar networks, see, e.g. [1]-{3], to cite a few; these
algorithms, based on measurements taken at both the mobile
station (MS) and at the base station (BS), give as output the
transmit power for each terminal. In power control procedures,
estimates of several parameters such as the channel gains and
the SINR for each user are usually needed, or, alternatively,
recursive algorithms are adopted (see, e.g. [3}), which however
are affected by slow convergence speed and excess steady-state
€110 '

In recent years a new mathematical tool has emerged in

‘the analysis of CDMA systems, i.c. the so-called large system

analysis, first introduced in {4]. In short, [4] has revealed that,
in a CDMA system whose processing gain and number of
users both increase without bound with their ratio fixed, and
with randomly chosen unit-norm spreading codes, the SINR
at the output of a linear minimum mean square error (MMSE)
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poor@princeton.edu

receiver converges in probability to a non-random constant. In
particular, denoting by K the number of active users, by N the
system processing gair, by o? the additive thermal noise power
spectral density (PSD) level, and by Ep[-| the expectation with
respect to the limiting empirical distribution F of the received
powers of the interferers, the SINR of the MMSE receiver for
the k-th-user, say -k, converges in probability as K,N —

oo, K /N =a = constant, to 4} the unique solution of the

equatlon
o . i
Te =
0'2 -I— O!EP [

W]

with P the received power for the k-th user. Interestingly,
the limiting SINR depends only on the limiting empirical
distribution of the received powers of the interferers, the load
«, the thermal noise level and the transmit power of the user
of interest, while being independent of the actual realization
of the received powers of the interferers and of the spreading
codes of the active users. Large system analysis is now a well-
established mathematical tool for the design and analysis of
communication systems (see, e.g., [5], [6], to cite a few).

In this paper, we show how large system analysis can
be used to design distributed power control algorithms that
need very little prior information (i.e. the channel gain for
the user:of interest) to be implemented, for both the cases
in which lincar MMSE detection and non-linear interference
cancellation MMSE detection are used at the receiver. The
contributions of this paper can thus be summarized as follows.

- Assuming that lincar MMSE detection is used at the
receiver, we propose a new distributed power control
algorithm’ requiring little prior information and based on
large system analysis.

- Extending the approach in [4], we give an expression for
the limiting SINR in the case in which non-linear serial
interference cancellation MMSE (SIC/MMSE) detection
is adopted at the receiver.

- Assuming that SIC/MMSE detection is used at the re-
ceiver, we propose a new distributed power control algo-
rithmn based on large system approximations.

- We show how the proposed algorithms can be included
in utility-maximizing non-cooperative games in order to
achieve energy-efficiency in wireless data networks [7].
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Our numerical results will show that the proposed algorithms

are effective and are able to approach very closely the power

profile predicted by much more complex and information-
demanding power control algorithms.

II. SYSTEM MODEIL AND PROBLEM STATEMENT

Consider the uplink of a K-user synchronous, single-cell,
_direct-sequence code division muliiple access (DS/CDMA)
system with processing gain N and subject to flat fading. After
chip-maiched filtering and sampling at the chip-rate, the V-
dimensional received data vector, say r, corresponding to one
symbol interval, can be written as

K . .
= Z VPrhibysg + 1, 2)
k=1 ' '

wherein py is the transmit power of the k-th user!, by €
{-1,1} is the information symbol of the k-th user, and hy
is the real® channel gain between the k-th user transmitter and
* the base station; the actual value of hy depends on both the
distance of the %-th user’s mobile from the base station and
the channel fading fluctuations. The N-dimensional vector sy,
is the spreading code of the k-th user; we assume that the
- entries of s, are binary-valued and that s] sy = ||sx])% = 1,
with ()7 denoting transpose. Finally, 12 is the thermal noise
vector, which we assume to be a zero-mean white Gaussian
random process with covariance matrix o2y, with I the
identity matrix of order N. '
Given the system model {2}, 2 number of strategies are avail-
able to detect the data symbols &1,...,bx; in the following
‘we briefly review the linear MMSE receiver and the non-linear
SIC/MMSE receiver.

A. Linear MMSE detection

Consider the case in which a linear receiver is used to
detect the data symbol b, according, i.e., to the decision
rule by = sign df'r , with f;k the estimate of by and
d the N-dimensional vector representing the receive fil-
ter for the wser k. Then, it is easily seen that the lin-
ear MMSE receiver is the one corresponding to the choice
di = /iy (SHPHTST + oIy
[s1,...,8K]is the N x K-dimensional spreading-code matrix,
and P and H are K x K-dimensional diagonal matrices,
whose diagonals are [pr,...,pk]| and [hy,...,hk], respec-
tively. For linear detectors it is also meaningful to define the
output SINR, which, for the k-th user is written as

8y , wherein § =

_ Pk (dy i)

o?di |2+ pih(dls:)®
itk

3

"To simplify subsequent notation, we assume that the transmitied power
P subsumes also the gain of the transmit and receive antennas.

ZFor simplicity, we assume a real channel model; however, generalization
to practical channels with Iand @ components is straightforward,

B. Non-linear SIC/MMSE detection

Consider now the case in which non-linear decision feed-
back detection is used at the receiver. We assume. that the
users are indexed according to a non-increasing sorting of
their channel gains, i.e. we assume that oy > ho > ..., hix-.
We consider a serial interference cancellation (SIC) receiver
wherein detection of the symbol from the k-th user is made
according to the rule 3;; = sign [dgrk
r—= Zj<k VPihibis;.

Otherwise stated, when detecting a certain symbol, the
contributions from the data symbols that have already been
detected are subtracted from the received data. The output
SINR for user &, under the assumption of cormectness of past
decisior_i,s"f,js now written as

_ prhi{dy si)?

Y = T ‘
o2\ dil2 + Y pihi (df s5)?
ik

, wherein ry =

)

Upon defining S = [sg,...,sx], Pr = diag{pk,...,0x)
and H = diaglhs,... kg), it is easy to show that
SIC/MMSE detection corresponds to the choice o, =
\/ﬁhk(SkaPkaSf -t a2IN)_1sk .

C. Problem statement

Given the data model (2), we are interested in the following
problem: find the transmit power pr € [0, Puax| for each
user k, so that the SINR v, equals a given target value 7,
with Frayx the maximum power that each user in the system
is allowed to transmit. Note that this problem finds numer-
ous applications. As an example, in circuit-switched wireless
cellular voice communications, wherein the primary goal is
signal intelligibility, the SINR is required to be always above
a given intelligibility threshold [1]. In wireless packet-switched
networks, instead, the primary goal may be to maximize the
system throughput, or, if battery-life of the mobile terminals
is a dominant issue, the system throughput for each unit or
enerpy drained from the battery [2], [7]. In all cases, however,
it can be shown that this goal translates into the requirement
that each user’s SINR equals at least a certain value.

In the sequel, we show how large system analysis leads
io power control algorithms that may be implemented in a
distributed fashion and that require knowledge of the channel
for the user of interest only.

III. POwER CONTROL FOR LINEAR MMSE DETECTION

As -an introduciory step in our algorithm, we begin by
illustrating a simple power control algorithm derived from
i4]. We have seen that in a lacge CDMA system the k-
th user’s SINR converges in probability to the solution o
Eq. (1). Heuristically, this means that in a large system, and
embracing the notation of the previous section, the SINR
is deterministic and approximately satisfies

2
hkpk
o2+ L hﬁh?pkpf
]
N Lij#k RIpe+hipivi

Vi =2 &)

77




Now, as noted in {4], if all the users must achieve the same
common target SINR 7, it is reasonable to assume that they
are to be received with the same power, ie. the condition
hipy = hip, b Pg , is to be fulfilled.
_Subsiituting the above constraint in (5) and equating (5) to
% it is straightforward to come up with the following relation

Waé 1

770
Pp=r"5— = pp=i5——g— (6
1- o hel- =o'

wherein, we recall, « = K/N, and the relation o < 1 +
1/% must hold. Eq. (6), which descends from eq. (16) in [4],
gives a simple power control algorithm that permits setting
the transmitted power for each user based on the knowledge
of the channe} gain for the user of interest only. The above
algorithm, however, does not take info account the situation
in which, due to fading and path losses, some users end up
transmitting at their maximum power without achieving the
target SINR, and indeed our numerical resulis to be shown in
the sequel will prove the inability of (6) to predict with good
accuracy the actual power profile for the active usess.

In order to circumvent this drawback, we first recall that in
[8} (see also [9]} the following result has been shown:
Lemma: Denote by F(-) the cumulative distribution func-

tion (CDF) of rhe squared fading coefficients h?, and by .

[RE AL hp], . 1) the vector of the users’ squared fading
coefficients sortecg' in non-increasing order. Then we have that
h[l?] converges in probability (as K — co) to F~! (£Z£),
vi=1,.

The above lemma states that if we sort a large number
of identically distributed random variates, we obtain a vector

that is approximately equal to the uniformly sampled version:

of the inverse of the common CDF of the random variates.
Accordingly, in a large CDMA system each user may indi-

* vidually build a rough estimate of the fading coefficients in
the network and thus will be able to predict the number of
users, say g, that possibly will wind up transmitting at the
maximum power. Indeed, since, according to (6) each user is
to be received with a power Pg, the estimate 45 of the number
of usefs transmitting at the maximum power is given by

K
up =Y u

i=1

Yo

(52 (1

- B max ]
al—_'{_;)
with u(-} the step-function. It is also natural to assume that the
users transmitting at Fy,,, will be the ones with the smalflest
channel coefficients, i.e. the squared channel gains of the users
transmitting at the maximum power are well approximated
by the samples F~1 (£=£), with £ = K —us +1,.. , K.
As a consequence, the generic k-th user will be affected by

= K — up users that are received with power Py (these are
the 3 users with the strongest channel gains and that are able
to achieve the target STNR %), and by u. users that are received
with power Pra F'71 (E74), with £ = K —uy +1,... K.
Denoting by Fi the received power for the k-th user, Eq. (5)

M

can be now written as

D
T =
i3 : 1 K—i
0’24-‘9'1‘ P!PR, +_]_- Z P Pryax £ { K‘)
N PitPry T N Piot ProaxF ~1 [ E72) 1,
i=K—wus+1

)
Now, assuming for the moment that user & is able to achieve
its target SINR, ie. that P, = Pg, we can make the

approximation ;.% ~ ik~ , whereby equating (8) to
the target SINR ¥ we have
By _ 5
PkPmaxF I(K—{) - ’
2
a + N 1+'r st NZ?. K—us+1 Prt Proax F— 1(K -.)_Y
)

The ab()ve relation can now be solved numerically in order to
determine the receive power Py for the k-th user®. Finally, the
actual transmit power for the k-th user is set accoxding to the
rule

pr = min { /By, Prax} - (10}

The proposed algorithm may be summarized as follows.
First, the number of users transmitting at the maximum power
is estimated according to (7). Then, the desired receive power
for each user is computed by solving (9). Finally, the transmit
power for the k-th user is determined according to relation
(10}. Note that this algorithm requires knowledge only of the
channel gain for the user of interest.

IV. POWER CONTROL FOR SIC/MMSE DETECTIGN

Let -us» now consider the case in which non-linear
SIC/MMSE detection is used at the receiver, and let us thus
assume-that users are ordered according to a non-increasing
power piofile. In this case the following theorem can be
proved..

Theorem: Let -y, be the (random) SINR of the SIC/MMSE
receiver for the k-th user; let Py, be the received power for the
k-th user, and assume that previously detected symbols have
been perfectly cancelled. As K, N — +oo, with K/N = o,
Y converges in probability to 7y}, the unique solution of the
equation

Py

*

T =

= (11)

2 PP
0% + opEppep, [m]

with oy = (K -k +1}/N and Ep|p.p, |"] denoting expecta-
tion with respect to the empirical distribution of the received
powers not larger than Py
Proof; The proof is omitted for the sake of brevity.

To corroborate the statement of the above theorem, in Fig.
1 we report the asymptotic SINR and 100 actual realizations
of the SINR comresponding to random realizations of the
spreading codes and of the received powers, assumed to follow
a Rayleigh distribution. A system with processing gain N =
256 has been considered here, and it is seen that the random
SINR realizations are spread around their asymptotic value.

3Actually this equation gives the desired receive power for each user, and
thus in a centralized power control algorithin needs to be solved only once.
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Using the notation of Section 11, a heuristic reformulation
of the above theorem states that in a large system the k-th
user’s SINR -y is deterministic and approximately satisfies
the equation

- hkPk
R E hZpehip
N 2=k Ripk-thipevi

(12)

Now, the above expression can be used to derive a simple

and effective power control algorithm. Let us consider the K-

th user first, i.e. the one with the smallest channel gain. The.

information symbol from this user will be the last one to be
detected, thus implying that, under the assumption of error-free
detection of previous bits, and denoting by Py the received
power for this user, the relation P /o? = ¥ should hold. As
a consequence, the transmit power for the K-th user is set to
prc = min{702/ K, o).

Consider now user K — 1; on denoting by Py _1 its recewcd
power, we have that

P

2, 1 _Pr_iprhk
o+ N Pr_y1+pechi

=7- 13)

Now, we may reasonably assume that kg and hg._; are
approximately equal {recall that these are the two smallest
channel gains), and thus that Pg_; ~ Pg. Moreover, in a
distributed approach, we can substitute hg with its estimate
hy given by the Lemma of the previous scction. As a
consequence, (13) can be approximated as :

Pr_;

P h2
02+N K~ 1pichy
PK+PKhK'Y

=7. (14)

After solving the above equation for Py _;, we can set the
transmit power of the (K — 1}-th user according to pg_; =
min{PK*l/h%(_l, Pmax}-

In general, for the generic k-th user, we have that the
following relation must hold

By

e = (15)

2 . L
O & N Deekit Frihiney
Since it is reasonable to assume that Py, ~ Py, and replacing
the channel gains with their estimates, the abave equation can
be re-written as

P
24 1 * Poiipe v 16)
ot + w ZE“_“R:+1 Pk+1+fz§pe'?
Solving with respect to P, we have
1
Py, = 5g° Pt (17)

-
1-w E£=k+1 Py +hipey
and the transmit power for the k-th user is
pi = min{ Pe/hE , Pyax} - (18)

In summary, the proposed algorithm proceeds as follows.
For centralized implementation, equations {17) and (18) are

Nx256, EICARUSE racsivar

L

Fig. I. Randomly generated SEC/MMSE SINR compared t¢ the asymptotic
limit, for the case of exponentially distributed powers (Rayleigh fading).

g - N 120, =120, Fphigh iing

pawerpralli ntfogh asn

Fig. 2, Tratismitted power profile across users for the proposed algorithm,
the conventional power control algorithm [1} and the profile derived by the
algorithm in [4], for both cases of linear MMSE detection and SIC/MMSE
detection.

sequentially implemented for k = K, K —1,...,2, 1. Alterna-
tively, for decentralized implementation, the generic j-th user
must compute equations (17) and the equation

P = mln{Pj‘;/FLi 3 Pmax} 1 (19)

for k = K,K —1,...,7 + 1. Finally, equations (17) and
(18) are implemented for £ = j. Note that in the distsibuted
implementation each user needs to know its own channel gain
and also its order in the data detection sequence at the receiver,
ie. it must know how many users interfere with it at the
receiver. However, no information on its uplink SINR or on
the parameters of the multiaccess interference is needed.

V. NUMERICAL RESULTS

We consider an uplink DS/CDMA system with processing
gain N =128, and assume that the packet length is M = 120,
and that the target SINR is 7 = 6.689 =8.25 dB. According
to [7], it can be seen that achieving the target SINR # in the
considered scenario leads to a maximization of the utility, i.e:
of the rafio between the packet success rate and the transmit
power.

A single-cell system is considered, wherein users may have
random positions with a distance from the BS ranging from
10m to 1000m. The channel coefficient hy for the generic k-th
user is assumed to be Rayleigh distributed with mean equal to
d; !, with dy, being the distance of user & from the BS. As to
the thermal noise level, we take 02 = 2-10~9W/Hz, while the
maximum allowed power Py me, is —25dBW. Fig. 2 reports
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the transmitted power profile across users for the algorithm
proposed in Section IIT and IV, for the algorithm derived by
Eq. (16) in [4] (i.e. eq. (6)). and for a conventional algorithm
(see {1]) that is non-adaptive and requires a substantial amount
of prior information. It is seen that the proposed algorithms
are capable of reproducing the optimal power profile with
very good accuracy, while, on the contrary, the algorithm
descending from paper [4] overestimates the required transmit
powers and does not exhibit good performance. It is seen
clearly that adopting a SIC/MMSE receiver yields considerable
savings in transmit power needed to achieve a certain target
SINR. .

While Fig. 2 shows the result of only one simulation trial
(note however that similar behavior has been observed in every
case we constdered), the remaining three figures report results

~coming from an average over 1000 independent trials. Figs. 3
- 5 show the achieved average utility {measured in bits/Joule),
the average per-user transmit power and the average achieved
SINR at the receiver output for the conventional power control
algorithms (for both linear MMSE and SIC/MMSE detection)
{11, for the proposed algorithms (for both linear MMSE and
SIC/MMSE detection), and for the power control algorithm
derived by paper {4]. These results show that the proposed
algorithms achieve performance levels practically indistin-
guishable from those of the standard algorithms, while the
algorithm (6) achieves a much smaller utility. From Fig. 5 it
is however seen that the algorithm (6) achieves an output SINR
larger than that of any other algorithm considered: this should
not be interpreted as a sign of good performance. Indeed, in
the considered scenario the aim of the power control algorithm
is to make each user operate at a SINR equal to 7.

VI. CONCLUSIONS

This paper has considered the design of distributed power
" control algorithms for cellular CDMA systems based on
asymptotic analysis, for situations in which either linear
MMSE detection or a non-Enear SIC/MMSE detection are

used by the receiver. For the latter case, closed-form formulas

for the limiting system SINR have also been developed.

Overall, the proposed solutions achieve satisfactory perfor-
mance, and the proposed approach is quite promising. Among
the authors’ current research efforts in this area is the extension
of the proposed algorithms to the situation in which the
received signals have been affected by multipath.
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Sumumary. In this paper the issue of energy efficiency in CDMA wireless data
networks is addressed through a game theoretic approach. Building on a recent
paper by the first two authors, wherein a non-cooperative game for spreading-code
optimization, power control, and receiver design has been proposed to maximize
the ratio of data throughput to transmit power for each active user, a stochastic
algorithin is here described fo perform adaptive implementation of the said non-
cooperative game. The proposed solution is based on a combination of RLS-type and
LMS-type adaptations, and makes use of readily available measurements. Simulaiion
results show that its performance approaches with safisfactory accuracy that of the
non-adaptive game, which requires a much larger amount of prior information.

1 Introduction

Game theory {1] is a branch of mathematics that has been applied primarily
in economics and other social sciences to study the interactions among several
autonomous subjects with contrasting interests. More recently, it has been dis-
covered that it can also be used for the design and analysis of communication
systems, mostly with application to resource allocation algorithms (2], and, in
particular, to power control [3]. As examples, the reader is referred to {4, 5, 6.
Here, for a multiple access wireless data network, noncooperative and coop-
erative games are introduced, wherein each user chooses its transmit power

. in order to maximize ifs own utility, defined as the ratio of the throughput to

transmit power. While the above papers consider the issue of power control

* This paper was supported by the U. S. Air Force Research Laboratory under Co-
operative Agreement No. FA8750-06-1-0252, and by the U. S. Defense Advanced
Research Projects Agency under Grant No. HR0011-06-1-0052. _
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2 Stefano Buzzi, H. Vincent Poor, and Daniela Saturnino

assuming that a conventional matched filter is available at the receiver, refer-
ence [7] considers the problem of join linear receiver design and power control
so as to maximize the utility of each user. It is shown here that the inclusion
“of receiver design in the considered game brmgs.re_ma.rkable advantages, and,
also, results based on the powerful large-systern analysis are presented, Mare
recently, the results of {7] have been extended in [8] to the case in which also
each user’s spreading code is included in the tunable parameters for utility
maximization. The study [8] thus shows that significant performance gains
can be obtained through the joint optimization of the spreading code, the
transmit power and the receiver filter for each user. :
On the other hand, the solutions proposed in [7] and [8], while providing a
general framework for cross-layer resource optimization through a game the-
oretic approach, describe solutions based on a perfect knowledge of a number
of parameters such as the spreading codes, the transmit powers, the propa-
gation channels and the receive filters for all the users. Otherwise stated, the

*_optimization procedure for each user requires a vast amount of prior infor-

‘mation not only for the user of interest, but also for all the remaining achive
users. In this paper, instead, we consider the more practical and challeng-
ing situation in which each usetr perfofms utility maximization based on the
knowledge of its parameters only, i.e. assuming total ignorance of the interfer-
ence background. This may be the usual scenario in the downlink of a wireless
data network, as well as in the uplink of a multiéél_l wireless network, wherein
each access point (AP) is disturbed by the interference originating from users
served by surrounding AP’s. An adaptively learning algorithm capable of ap-
proaching with good accuracy the performance: -of the non-adaptive game is
thus presented, based on a combination of the recurswe—least—squares (RLS)
and least-mean-squares (LMS) adaptation rules. The proposed algorithm as-
sumes no prior knowledge on the interference background and makes use of
readily available measurements.

The rest of this paper is organized as follows. The next section contains
some preliminaries and the system model of interest. Section 3 contains a
brief review of the non-adaptive game considered in [8], while the stochastic
implementation of the resource allocation algorithm is detailed in Section
4. Section 5 contains extensive simulation results, while, finally concluding
remarks are given in Section 6.

2 Preliminaries and problem statement

Conmder the uplink of a K-user synchronous, single-cell, direct-sequence code
division multiple access (DS/CDMA) network, with processing gain N and
subject to flat fading. After chip-matched ﬁltermg and sampling at the chip-
rate, the N-dimensional received data vector, say T, corresponding to one
symbol interval, can be written as '

-.if,
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r= E JAlbest n L

k=1

wherein p; is the transmit power of the k-th user3, b € {—1,1} is the in-
formation symbol of the k-th user, and k. is the real* channel pain between
the k-th user’s transmitter and the access point {AP); the actual value of hy
depends on both the distance of the k-th user's terminal from the AP and
the channel fading fluctuations. The N-dimensional vector sy is the spread-
ing code of the k-th user; we assume that the entries of s are real and that
sTsr = |lsef® = 1, with ()T denoting transpose. Finally, n is the ambient
noise vector, which we assume to be a zero-mean white Gaussian random pro-
cess with covariance matrix (Mo/2)Iy, with Ty the identiby matrix of order
N. An alternative and compact representation of (1) is given by

, r=SPY?Hb+in, (2)

wherein S = [81,...,8k] is the N x K-dimensional spreading code matrix,
P and H are K x K-dimensional diagonal matrices, whose diagonals are
[p1,---,px] and [hy,...,hg|, respectively, and ﬁnally, b= [by,...,bxg|T
the K-dimensional vector of the data symbols. 7

Assume now that each mobile terminal sénds its data in packets of M
bits, and that it is interested both in having its data received with as small as
possible error probability at the AP, and in making careful use of the energy
stored in its battery. Obviously, these are conflicting goals, since error-free
reception may be achieved by increasing the received SNR, ie. by increasing
the transmit power, which of course comes at the expense of battery life9. A
useful approach to quantify these conflicting goals is to define the utility of the
k-th user as the ratio of its throughput, defined as the number of information
bits that are received with no error in unit time, to its transmit power [4, 5],
ie.

T
Up = —k - (3)

Pk
Note that u; is measured in bit/Joule, i.e. it represents the number of suc-
cessful bit transmissions that can be made for each Joule of energy drained

from the battery. Denoting by R the common rate of the network {extension

3 To simplify subsequent notation, we assume tha.t the transmitted power px sub-
sumes also the gain of the transmit and receive autenna.s

4 We assume here, for stmplicity, a real channel modei generalization to practical
channels, with I and Q components, is stralghtforwa.rd.

% Of course there are many other strategies to-lower the data error probability,
such as for example the use of error correcting codes, diversity exploitation, and
unplementation of optimal reception techniques at the receiver. Here, however,
we are mainly interested to energy efficient data transmission and power usage,
so we consider only the effects of varying the transmit power, the receiver and

- the spreading code on energy efficiency.
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to the case in which each user transmits with its own rate Ry is quite simple)
and assuming that each packet of M symbols contains I information symbols
and M — L overhead symbols, reserved, e.g., for channel estimation and/or
parity checks, the throughput 7% can be expressed as

L
T.=R i
wherein Py, denotes the probability that a packet from the k-th user is received
error-free. In the considered DS/CDMA setting, the term Py, depends formally
on a number of parameters such as the spreading codes of all the users and
the diagonal entries of the matrices P and H, as well as on the strength of the
used error correcting codes. However, a customary approach is to model the
multiple access interference as a Gaussian random process, and assume that P
is an increasing function of the k-th user’s Slgnal" to-Interference plus Noise-
Ratio (SINR) v, which is naturally the case in: 'many practical situations.
Recall that, for the case in which a linear receiver is used to detect the
data symbol by, according, i.e., to the decision nile

by, = sign [dfr] , (5)

Py (4)

with Ek the estimate of by and di the N-dimensional vector representing the
receive filter for the user k, it is easily seen that the SINR 74 can be written

as
Ve = ACA (6)
Bl + Y peh2(dy 5:)?
itk
Of related interest is also the mean square error (MSE) for the user k, which,
for a linear receiver, is defined as

MSE;, = E{(bk - d?;r) 2} = 1+dTMdy — 2/phadlse, (7

wherein E {-} denotes statistical expectation and M (S apa"S" 1 ‘%LI N)

is the covariance maftrix of the data.

The exact shape of Fi(v;) depends on fact ts, such as the modulatwn
and coding type. However, in all cases of relev.mt interest, it is an increasing
function of v, with a sigmoidal shape, and converges to unity as 7, — -+00; as
an example, for binary phase-shift-keying {(BPSK) modulation coupled with
no channel coding, it is easily shown that

Pelw) = [1-atvam)] ®)

with Q}(-) the complementary cumulative distribution function of a zero-mean
random Gaussian variate with unit variance. A plot of (8) is shown in Fig. 1
for the case M = 100.
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It should be also noted that substituting (8) into (4), and, in turn, into
(3}, leads to a strong incongruence. Indeed, for pr — 0, we have v — 0, but
Py, converges to a small but non-zero value {i.e. 2=), thus implying that an
unboundedly large utility can be achieved by transmitting with zero power,
i.e. not transmitting at all and making blind guesses at the receiver on what
data were transmitted. To circumvent this problem, a customary approach
[5, 7} is to replace P with an efficiency function, say fi(ys), whose behavior
should approximate as close as possible that of Py, except that for 4, — 0
it is required that fr(ve) = o(vk). The functiom (v} = (1 —e )M is a
widely accepted substitute for the true probability of correct packet reception,
and in the following we will adopt this model®. "This efficiency function is
increasing and S-shaped, converges to unity as v; approaches infinity, and has
a continuous first order derivative. Note that we have omitted the subscript
“k”, i.e. we have used the notation f(v) in place of fe(y) since we assume
that the efficiency function is the same for all the nsers.

Summing up, substituting (4) into (3) and replacing the probability P
with the above defined efficiency function, we obtain the following expression
for the k-th user’s utility:

up =R

Vk=1,...,K. (9)

Prob. of error—free. recaption|

i I Rl efficlancy functicn

a1

Fig. 1. Comparison of probability of error-frec packet reception and efficiency func-
tion versus receive SINR and for packet size M = 100. Note the S-shape of both
functions.

§ See Fig. 1 for a comparison between the Probability Fr and the efficiency function.
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3 The non-cooperative game with linear receivers

Based on the utility definition (9), it is natural {o wonder how each user may
maximize its utility, how this maximization affects utilities achieved by other
users, and, also, if a stable equilibrium point does exist. These questions have
been answered in recent papers by resorting to the tools of game theory. As an
example, non-cooperative scenarios wherein mobile users are allowed to vary
their transmit power only have been considered in [4, 5, 6]; in [7], instead,
such an approach has been extended to the cross layer scenario in which each
user may vary its power and its uplink linear receiver, while, more recently, .
reference [8] has considered the case in which each user is able to tune the
transmit power, the uplink linear receiver and the adopted spreading code.
Formaliy, the game G considered in [8] can be described as the triplet
G = K, {8k}, {ur}], wherein X = {1,2,...,K} is the set of active users
participating in the game, uy is the k-th user’s utility defined in (9), and

© S x[0, Pk,ma.x] X RN x Ri\r 1 (10)

is thé set of possible actions (strategies) that user k can-take. It is seen that
Sk is written as the Cartesian product of three different sets, and indeed
[0, Py mex] is the range of available transmit powers for the k-th user (note
that Pr max is the maximum allowed transmit power for user k), RN with R
the real line, defines the set of all possibie linear receive filters, and, finally,

RN={dE’R,N : de=,1} ,

defines the set of the allowed spreading codes” for user k.
Summing up, the proposed noncooperative.game can be cast as the fol-
lowing maximization problem '

maxug = max ug(pk, di, Sk), “Yk=1,...,K . (11)
S Pr Gk, 8% ‘

Given (9), the above maximization can be also written as

rax f('Yk(I’Jﬁc,dk,sﬁc))1

vk=1,...,K. (12)
P Pr .

Moreover, since the efficiency function is monotone and non-decreasing, we
also have

max v (px, di, Sk))

i
mae JOEPE ) \dus L. W

P, 8 Pk Pk Pr

" Here we assume that the spreading codes have real entries; the problem of utility
maximization with reasonable complexity for the case of discrete-valued entries
is a challenging issue that will be considered in the future.
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ie. we can first take care of SINR maximization with respect to spreading
codes and linear receivers, and then focus on maximization of the resulting
utility with respect to transmit power.

Letting (-)* denoting Moore-Penrose pseudoinverse, the following result is
reported in [8]. :
Proposition: The non-cooperative game defined in {11} admits o unique Nash
equilibrium point (p},dy, st), for k=1,..., K, wherein

- s} and df, are the unique fized stable k-th user spreading code and receive
filter® resulting from iterations

d; = \/Bihs (SHPHTST +MQzIN)_ s Vi=1,.. K

+ O {14)
3;:\/37_#14; (ptthDT_Fu,‘IN) dz V?,:].,,K o
with ; such that s> = 1, and D = [sl, ..,SK]. Denote by v} the
correspondmg SINR.
- pi = min{fy, Pemax}, with §y the k-th user . transmit power such that
the k-th user mazimum SINR v, eguals 3, i.e. the unique solution of the
equation f{v) = vf'(7), with f'(vy) the derivative of f(7).

In practice, this result states that the non-cooperative game (11) admits
a unique Nash equilibrium, that can be reached as follows. First of all, the
equation f(v) = vf'(7) is ta be solved in order to determine its unigue solution
7¥; then, an iterative procedure starts wherein the system alternates between
these two phases:

a. Given the transmit powers, each user adjusts its spreading code and receive
filter through iterations (14} until an equilibrium is reached;

b. Given the spreading codes and uplink receivers, each user tunes its trans-
mit power so that its own SIR equals 4. Denoting by p = [py,...,pxl
the users’ power vector, and by I(p) the K-dimensional vector whose k-th
entry Ti(p) is written as

Ik(p)=;;£(dZT)2 1idk1|2+§;pzh Hdesi |, (15)

the transmit power vector p is the unique fixéd stable point of the iteration
(3]
Ix(p), for I't(p) < Promax »
Pk = , ) (16)
Prmax » for Iu(p) > Pr.max »

forallk=1,.. K. '

® Actually the linear receive filter is unique up to a positive scaling factor.
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Steps a. and b. are to be repeated until convergeh?_:e is reached. Tt is crucial to

- note that computation of the equilibrium transmit power, spreading code and )

linear receiver for each user needs a lot of prior information. In particular,
it is seen from eq. (14) that computation of the k-th user receiver requires
knowledge of the spreading codes, transmit powers and channel gains for all

" the active users, while computation of the k-th user spreading code requires

L]

knowledge of I, i.e. the matrix of the uplink receivers for all the users. Lilke-
wise, implementation of iterations (16) also requires the same vast amount
of prior information. Our next goal is thus to propose & stochastic resource
allocation algorithm that alleviates the need for such prior knowledge, and
that is amenable to a decentralized implementation, wherein each user may
allocate its own resources based only on knowledge that is readily available,
and with total ignorance on the interference background.

4 Adaptive energy efficient resource allocation

In order to illustrate the adaptive implementation of the non-cooperative
game, a slight change of notation is needed. liideed, since any adaptive al-
gorithm relies on several data observations in_consecutive symbol intervals,
we cannot restrict any longer our attention to Qiije' symbol interval only, and
we thus denote by r(n) the N-dimensional received data vector in the n-th
bit interval, i.e. N

. . . _
r(n) = Z Vee(r)hebe(n)se(n) + w(n). {17)
. k=1

Eq. (17) differs from Eq. (1) in that a temporal index has been added to some
parameters, to underline their time-varying nature: as an example, py, (n) and
sk(n) are the transmit power and the spreading code of the k-th user in the n-
th symbol interval. Note also that the channel gain does not depend on n, i.c.
we are implicitly assuining a slow fading channel, even though generalization
to the case of slowly time-varying channels is quite straightforward. In order
to obtain an adaptive implementation of the utility maximizing algorithm for
the generic k-th user, first we focus on iterations (14); as specified in [8, 9],
the unique fixed stable point of these iterations achieves the global minimum
for the total mean square error (TMSE), which is given by

K [
TMSE = »  MSEy, ‘ (18)
k=1 - ‘:‘.'\-;,
with MSE;, defined asin (7). It can be shown, indeed, that minimization of the
TMSE leads to a Pareto-optimal solution to the problem of maximizing the
SINR for each user. On the other hand, an alternative approach is to consider -
the case in which each user tries to minimize its own MSE with respect to its
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spreading code and linear receiver. The k-th user MSE can be shown to be
written as

MSEy = 1 +dj (prh2sesy + My) dy, — 2\/prhidisy, , (19)

with My = M — pyhisis) . Minimization of Eq. (19) with respect to dy. and
Sg, under the constraing ||sg(|2 = 1, yields the iterations
- ’ -1
di = pihs (SHPH"S" + $Iy) s Vi=1,...,K o0
: -1

8= ik (p,-hfd.idzr + MIN) d  Vi=1,.. K
In general, minimization of the TMSE is not equivalent to individual mini-
mization of the MSE of each user; however, in our scenario, i.e. in the case of
a single-path fading channel, the two approaches can be shown to be equiv-
alent [10]. As a consequence, we can state that the fixed point of iterations
(14) coincides with that of iterations (20). Note however that, despite such
equivalence, the spreading code update for each user in (20} depends only on
parameters of the user itself, and does not require any knowledge on the inter-
ference background. The receiver updates in (14) and (20) are the same, and
indeed they coincide with the MMSE receiver. ‘Accordingly, since the utility
maximizing linear receiver is the MMSE filter, we start resorting to the well-
known recursive-least-squares (RLS) implementation of this receiver. Letting
R(0) = eIy, with € & small positive constant, letting A be a close-to-unity
scalar constant, assuming that the receiver has knowledge of the information
symbols bx(1),...,b(T), and denoting by di(n) the estimate of the linear
receiver filter for the &-th user in the n-th symbol interval, the following iter-
ations can be considered

R~Yn—1)r(n)
A +1rT(n)R_1(n —1)r(n)’
R7n) = B [R7(n - 1) — k(n}rT(R)R  (n— B, (21)
ei(m) = df (n — Dr(n) — bu(n)
di(n) = di(n — 1) — ex(n)kin) .

k{n) =

The last line in (21) represents the update equation for the detection vector
di(-). Note that this equation, in turn, depends. on the error vector er(n)},
which, for n < T', can be built based on the knowledge of the training symbol
by (n). Once the training phase is over, real data detection takes place and the
error in the third line of (21) is computed according to the equation

ex(n) = di (n — 1)r(n) — sgn [df(n - l)r(n)] . (22)

Given its own receive filter dy(n), the k-th user can then modify its spreading
code according to the secoud line of eq. (20), iLe.:

89




10 Stefano Buzzi, H. Vincent Poor, and Daniéia,:'-Sé.turnino .

sk +1) = Vor)hs (D))l (n) + peIy)  deln),  (23)

with px(n) a constant such that s¥ (n)sy(n) = 1. Note that the update in (23)
only requires parameters of the k-th user, thus implying that no knowledge
on the interference background is needed. Finally, we have to consider the
tuning of the transmit power so that each user may achieve its target SINR
7. This is a classical stochastic power control problem that has been treated,
for instance, in {11]. A possible solution is to consider a least-mean-squares
(LMS) update of the trasmit power according to the rule

pr(n+1) = (1 - p)pe(n — 1) + pLi(n)

. (24)
pr(n + 1) = min{pz (n + 1}, Py max) -
In the above equations, the step-size p is a close-to-zero positive constant and
Zk(n) is a stochastic approximation of the k-th enfry of the vector I {p}, and
" is expressed as A

o) = e [@g(n)r(n))z w~1‘9’_:;7‘“(;;'1)hi(dz‘(n)sk(n))z] ©9)

Note that also the update (24) does not require any knowledge on the inter-
ference. To summarize, the algorithm proceeds as follows: for n < T, only the
‘RLS update (21) is performed; then, for each n > T, the algorithm performs
the updates in (21), (23) and, finally, (24). In particular, note that the power
‘update is made in parallel to the spreading code update and receiver update,
ie. without waiting for convergence of the RLS-based adaptive implementa-
tion of the MMSE receiver.

Although a theoretical convergence study of this algorithm is definitely
worth being undertaken, it is out of the scope of this paper; in the next
section, we will discuss the results of extensive computer simulations that will
show the excellent behavior of the outlined procedure.

5 Numerical Results

We contrast here the performance of the non-adaptive game discussed in
[8] with its adaptive implementation proposed;here. We consider an uplink
DS/CDMA system with processing gain N = 15, and assume that the packet
length is M = 120. for this value of M the equation f (v) = 1f'(v) can be
shown to admit the solution ¥ = 6.689 = 8.25dB. A single-cell system is con-
sidered, wherein users may have random positions with a distance from the
AP ranging from 10m to 500m. The channel coefficient hy, for the generic k-th
user is assumed to be Rayleigh distributed with mean equal to d,:2, with d
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AVERAGE UTILITY(dB), N = 15

¢ it

ity
= —target utility {8 vsers)
—— achieved uiiity (14 users)[ ]
— — —1target ulility (14 users)
T

10‘ 1 L]
0 500 1000 1500 2000 250
bit apoch

Fig. 2. Achieved average utility versus time.

AVERAGE ACHIEVED SINR (dB), M= 15

35 T T T v
M : ———— achioved SINR (8 users)
= = = 5INA target
a0k reerw— Achloved SINR {14 users)) ]

[ 500 1000 1500 2000 2500
bit apoch

Fig. 3. Achieved average SINR versus time.

being the distance of user k from the AP®. We take the ambient noise level
to be Ny = 10=5W/Hz, while the maximum allowed power B o, is 25dB.
We present the results of averaging over 1000 independent realizations for the

® Nate that we are here assuming that the power path losses are proportional
to the fourth power of the path length, Whlch lS reasonable in urban cellular
environments.
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AVERAGE TRANSMIT POWER {dB), N = 15
124 T T T T T
! B — adaplive algorithm {8 users)
= = = target power {8 users}
— adaptive algarithm (i4 users)
~ — —targat power (14 users)

[ 500 1000 1500 2000 2500
Fig. 4. Average transmit power versus time.

users locations, fading channel coefficients and starting set of spreading codes.
More precisely, for each iteration we randomly generate an N x K-dimensional

=1/y/N, 1/\/N}; this matrix
is then used as the starting point for the considered games. We consider the
case in which 7" = 80 training symbols are used, while in eq. {24) the step size
p = .01 has been taken. Figs. 2 - 4 report the time-evolution of the achieved
average utility (measured in bit/Joule), the average achieved SINR and the
average transmif power, respectively, for both the cases in which K = 8 and
K = 14. It is seen that after about one thousand iterations the adaptive algo-
rithm approximate with satisfactory accuracy the benchrark scenario that a
non-adaptive game is played as in {8]. Tn particular, while the target SINR and
the achieved utility are quite close to their target values, it is seen from Fig. 4
that the average transmit power is about 3dB larger than in the non-adaptive
case; such a loss is not at all surprising, since it is well-known that adaptive
algorithms have a steady-state error, and that their performance may only
approach that of their non-adaptive counterparts.

In order to test the tracking properties of the proposed algorithm, we
also consider a dynamic scenario with an initial number of users K = &, and
with two additional users entering the channel at time epochs n = 1000 and
n = 1700. The results are reported in Figs 5 - 7. Results clearly show that the
algorithm is capable of coping with changes in the interference background.

spreading code matrix with entries in the set
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AVERAGED UT|LI"|'Y, N = 15, Initial K= 8

achieved utility|.

= - -—target utility
Liei] 1000 1500 - 2000+ 2500 3000
bit epach . .

Fig. 5. Dynamic environment: Average achieved utility versus time.

AVERAGED ACHIEVED SINR(dB), N= 15, initial K= 8
35 T T T ¥

achieved SINR
— — — targat SINR

2511

20t

0}

bit spoch

Fig. 6. Dynamic environment: Average achieved SINR versus time.

6 - Conclusion

In this paper the cross-layer issue of joint stochastic power control, spread-
ing code optimization and receiver design for wireless data networks has been
addressed using a game-theoretic framework. Building on [8], wherein a non-
cooperative game for resource allocation has been proposed, we have here
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AVERAGED TRANSMIT POWER {d8), N = 16, initial K=8
T as T T T T

)
adaplive algorithm
— — — larget power

P S W SV bl [ FOTT N N
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Fig. 7. Dynamic environment: Average transmit power versus time.

considered the issue of adapiive implementation of the resource allocation
algorithm, based on readily available measurements and assuming no'prior
knowledge on the interference background. The result is thus a stochastic al-
gorithm that can be realized in a decentralized fashion, wherein each user
just needs knowledge of its own parameters. The performance of the proposed
scheme has been validated through computer simulations, which showed that
~ the adaptive implementation achieved a performance quite close to that of the

non-adaptive benchmark. As interesting research topics worth being investi-
gated we mention the theoretical analysis of the convergence properties of the
algorithm, and the development and the analysis of adaptive algorithms able
to implement the said game without prior knowledge of the fading channel
coeflicient of the user of interest.
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